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Overview

Document Overview

This document is organized to give you the best possible look into the EnergyPlus
calculations. First, the concepts of modeling in EnergyPlus are presented. These include
descriptions of the heat balance process, air loop/plant loop processes as well as other
important processes for the building simulation.

Discussions during the modeling process may reference specific “object names” as found in
the Input/Output Reference document.

The remainder of the document focuses on individual models.

General Modeling Overview

The EnergyPlus program is a collection of many program modules that work together to
calculate the energy required for heating and cooling a building using a variety of systems
and energy sources. It does this by simulating the building and associated energy systems
when they are exposed to different environmental and operating conditions. The core of the
simulation is a model of the building that is based on fundamental heat balance principles.
Since it is relatively meaningless to state: “based on fundamental heat balance principles”,
the model will be described in greater detail in later sections of this document in concert with
the FORTRAN code which is used to describe the model. It turns out that the model itself is
relatively simple compared with the data organization and control that is needed to simulate
the great many combinations of system types, primary energy plant arrangements,
schedules, and environments. The next section shows this overall organization in schematic
form. Later sections will expand on the details within the blocks of the schematic.

EnergyPIlus ;

Sky Model : : Ajr Loop
Module . Simulation Manager Module
Shading ~ Zone Equip
A < Integrated Solution Manager : Module

Surface Heat Air Heat Building

Daylighting [ Bilanas Bifany Systems Plant Loop
Module h Manager Simulation Module

] Manager Manager
Window Glass ' 2

Module

Condenser

x : Loop Module
CTF

Calculation P PV Module

Module

Figure 1. EnergyPlus Program Schematic
Simulation Manager

The simulation manager of EnergyPlus is contained in a single module. The main subroutine
is shown below. Flow within the entire program is managed using a series of flags. These
paired flags, in order (from the highest to the lowest) are:
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Table 1. Simulation Flags

Begin SimulationFlag End SimulationFlag
BeginEnvironmentFlag EndEnvironmentFlag(one to many days)
BeginDayFlag EndDayFlag

BeginHourFlag EndHourFlag

BeginTimeStepFlag EndTimeStepFlag

There is also a WarmupFlag to signal that the program is in warmup state. The operation of
these flags can be seen in the following subroutine. The advantage of using the flag system
is that any subroutine throughout the code can determine the exact state of the simulation by
checking the status of the flags.
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SUBROUTINE ManageSimulation I Main driver routine for this module
BeginSimFlag = .TRUE.
EndSimFlag = .FALSE.
CALL OpenOutputFiles
CALL GetProjectData
CALL GetEnvironmentlnfo 1 Get the number and type of Environments
CALL SetupTimePointers(*"Zone®,TimeStepZone) ! Set up Time pointer for HB/Zone Simulation
Call SetupTimePointers("HVAC",TimeStepSys)

DO Envrn = 1, NumOfEnvrn 1 Begin environment loop ...
BeginEnvrnFlag = _TRUE.
EndEnvrnFlag = .FALSE.
WarmupFlag = .TRUE.
DayOfSim = 0

DO WHILE ((DayOfSim.LT.NumOfDaylnEnvrn).OR.(WarmupFlag)) ! Begin day loop ...

DayOfSim = DayOfSim + 1
BeginDayFlag = .TRUE.
EndDayFlag = .FALSE.

IF (WarmupFlag) THEN
CALL DisplayString(“Warming up*®)
ELSE ' (.NOT.WarmupFlag)
IF (DayOfSim.EQ.1) CALL DisplayString("Performing Simulation®)

END IF

DO HourOfDay = 1, 24 I Begin hour loop ...
BeginHourFlag = .TRUE.
EndHourFlag = _FALSE.

DO TimeStep 1, NumOfTimeSteplnHour ! Begin time step (TINC) loop ...
BeginTimeStepFlag = .TRUE.

EndTimeStepFlag = .FALSE.

1 Set the End__Flag variables to true if necessary. Note that each flag builds on

1 the previous level. EndDayFlag cannot be .true. unless EndHourFlag is also .true., etc.

I Note that the EndEnvrnFlag and the EndSimFlag cannot be set during warmup.
I Note also that BeginTimeStepFlag, EndTimeStepFlag, and the
1 SubTimeStepFlags can/will be set/reset in the HVAC Manager.
IF ((TimeStep.EQ.NumOfTimeSteplnHour)) THEN
EndHourFlag = .TRUE.
IF (HourOfDay.EQ.24) THEN
EndDayFlag = .TRUE.
IF ((-NOT.WarmupFlag) .AND. (DayOfSim.EQ.NumOfDayInEnvrn)) THEN
EndEnvrnFlag = .TRUE.
IF (Envrn.EQ.NumOfEnvrn) THEN
EndSimFlag = .TRUE.
END IF
END IF
END IF
END IF
CALL ManageWeather
CALL ManageHeatBalance

BeginHourFlag = _FALSE.
BeginDayFlag = .FALSE.
BeginEnvrnFlag = _FALSE.
BeginSimFlag = .FALSE.
END DO 1 _ .. End time step (TINC) loop.
END DO 1 _.. End hour loop.
END DO 1 __. End day loop.
END DO 1 _ .. End environment loop.
CALL CloseOutputFiles

RETURN
END SUBROUTINE ManageSimulation
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Integrated Solution Manager

EnergyPlus is an integrated simulation. This means that all three of the major parts, building,
system, and plant, must be solved simultaneously. In programs with sequential simulation,
such as BLAST or DOE-2, the building zones, air handling systems, and central plant
equipment are simulated sequentially with no feedback from one to the other. The sequential
solution begins with a zone heat balance that updates the zone conditions and determines
the heating/cooling loads at all time steps. This information is fed to the air handling
simulation to determine the system response; but that response does not affect zone
conditions. Similarly, the system information is passed to the plant simulation without
feedback. This simulation technique works well when the system response is a well-defined
function of the air temperature of the conditioned space. For a cooling situation, a typical
supply and demand situation is shown schematically in the Figure 2. Here, the operating
point is at the intersection of the supply and demand curves.

System Supply Capacity

Power

\

Zone Cooling Demand

Zone Temperature

Figure 2. Sequential Simulation Supply/Demand Relationship.

However, in most situations the system capacity is dependent on outside conditions and/or
other parameters of the conditioned space. The simple supply and demand situation above
becomes a more complex relationship and the system curve is not fixed. The solution should
move up and down the demand curve. This doesn’t happen in sequential simulation methods
and the lack of feedback from the system to the building can lead to nonphysical results. For
example, if the system provides too much cooling to a conditioned space the excess is
reported by the program as "overcooling". Other categories of unmatched loads exist and are
similarly reported by the program. While this kind of reporting enables the affected system or
plant components to be properly sized, the system designer would, in most cases, prefer to
see the actual change in zone temperature. The same mismatches can occur between the
system and plant simulations when they are simulated sequentially.

To obtain a simulation that is physically realistic, the elements have to be linked in a
simultaneous solution scheme. The entire integrated program can be represented as a
series of functional elements connected by fluid loops as shown in Figure “Schematic of
Simultaneous Solution Scheme”. In EnergyPlus all the elements are integrated and
controlled by the Integrated Solution Manager. The loops are divided into supply and
demand sides, and the solution scheme generally relies on successive substitution iteration
to reconcile supply and demand using the Gauss-Seidell philosophy of continuous updating.
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Zone System Plant

Air Loop Vyater Loop

Figure 3. Schematic of Simultaneous Solution Scheme

In the sections which follow, the various individual functions of the integrated solution will be
described.

Basis for the Zone and System Integration

The basis for the zone and system integration, Taylor.(1990, 1991), incorporates a shortened
simulation time step, typically to between 0.1 and 0.25 hours, and uses a time-marching
method having the zone conditions lagged by one time step. The error associated with this
approach depends significantly on the time step. The smaller the step size the smaller the
error, but the longer the computation time. To permit increasing the time step as much as
possible while retaining stability, zone air capacity was also introduced into the heat balance.
The resulting method is called “lagging with zone capacitance”. Although requiring
substantially more time to execute than sequential simulation methods, the improved realism
of the simultaneous solution of loads, systems and plants simulation is desirable. This
method was fully implemented in the program IBLAST (Integrated Building Loads Analysis
and System Thermodynamics) (Taylor 1996) that was used as a basis for EnergyPlus.

The method of lagging with zone capacitance uses information from previous time steps to
predict system response and update the zone temperature at the current time. In older
sequential programs, one hour is used frequently as a time step because it is convenient for
record keeping purposes and it keeps computation time reasonable. But dynamic processes
in the zone air can occur on a much shorter time scale than one hour. The time constant, t ,
for a zone is on the order of:

Ve
B i A 1)
Qload + sts

T~

where the numerator is the zone air heat capacitance and the denominator is the net rate of
heat energy input. Clearly, the value of t can vary because the zone load and system output
change throughout the simulation. Therefore, a variable adaptive time step shorter than one
hour is used for updating the system conditions. For stability reasons it was necessary to
derive an equation for the zone temperature that included the unsteady zone capacitance
term and to identify methods for determining the zone conditions and system response at
successive time steps. The formulation of the solution scheme starts with a heat balance on
the zone.
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dT Ny . Nurfaces N Zones .
dtz :ZQI' Z hA7 ) iCp(Y;i_T)+m1nfC (Toc_Tz)J'_sts (2)
i=1 i=1
where:
Ng

ZQi = sum of the convective internal loads
i=1

sur/(m’:

z h, AI ) = convective heat transfer from the zone surfaces
. C, ( ) = heat transfer due to infiltration of outside air
N,

| m,C, (T, —Tz) = heat transfer due to interzone air mixing

i=1

QM = system output.

= =energy stored in zone air

z

If the air capacitance is neglected, the steady state system output must be:

sxzr/a(‘m {,,,e\

0,,= ZQ + Z ZmC ~T.)+1,.C,(T,~T.) (3)

Air systems provide hot or cold air to the zones to meet heating or cooling loads. The system
energy provided to the zone, Q can thus be formulated from the difference between the

SYs s

supply air enthalpy and the enthalpy of the air leaving the zone as in Equation (4):

0,.=m,C,(T,-T.) )

This equation assumes that the zone supply air mass flow rate is exactly equal to the sum of
the air flow rates leaving the zone through the system return air plenum and being exhausted

directly from the zone. Both air streams exit the zone at the zone mean air temperature. The
result of substituting Equation (4) for Q in the heat balance Equation (2) is shown in

SyS

Equation (5):

surfaces N, Zones

dT, & :
=20 X AT -T)+ 3G, (T, -T)

i=1 (5)
+1i, C, (T, = T.)+1,,C, (T, ~T.)

inf sup z

The sum of zone loads and system output now equals the change in energy stored in the
zone. Typically, the capacitance Cz would be that of the zone air only. However, thermal

masses assumed to be in equilibrium with the zone air could be included in this term. In
order to calculate the derivative term a finite difference approximation may be used, such as:

ar

— =(ot) (T -T.7")+0(1) (6)
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The use of numerical integration in a long time simulation is a cause for some concern due to
the potential build-up of truncation error over many time steps. In this case, the finite
difference approximation is of low order that further aggravates the problem. However, the
cyclic nature of building energy simulations should cause truncation errors to cancel over
each daily cycle so that no net accumulation of error occurs, even over many days of
simulation (Walton, 1990). The Euler formula, Equation (6), was employed in Equation (5) to
replace the derivative term. All the terms containing the zone mean air temperature were
then grouped on the left hand side of the equation. Since the remaining terms are not known
at the current time, they were lagged by one time step and collected on the right hand side.
This manipulation resulted in Equation (7), the formula for updating the zone mean air
temperature:

T T t—ot N\'urfm es anes
C2T+T > hd+ D mC, +m,C, +m,C, |=
t i=1 i=1

t=ot
NA[ surfaces 0,,“
2 : ¢ t z : 2 :
Qi + msystT;upply ( hiAiT:vl + m sz;l + mlnfC T J

i=l1

One final rearrangement was to move the lagged temperature in the derivative approximation
to the right side of the equation. The explicit appearance of the zone air temperature was
thus eliminated from one side of the equation. An energy balance equation that includes the
effects of zone capacitance was then obtained by dividing both sides by the coefficient of Tz:

Ny . Nurfaces N oes ot

> O +m,C,T, [ngzt+ > hAT, + ZmCT + i, CTJ
i=1

T =

z

p~ supply 5T si pzi inf
i=1
C (Ve e ©)
St > hiAi+sz +1it C, + 11, C,
i=1 i=1

Equation (8) could be used to estimate zone temperatures, however it was found to severely
limit the time step size under some conditions. To correct this, higher order expressions for
the first derivative, with corresponding higher order truncation errors, were developed. The
goal of this approach was to allow for the use of larger time steps in the simulation than
would be possible using the first order Euler form, without experiencing instabilities.
Approximations from second through fifth order were tried as reported by Taylor, et al (1990)
with the conclusion that the third order finite difference approximation, shown below, gave the
best results:

dr,
dt |,

3 t-26t 1 130t 3
ETZ _ETZ j+0(51) (9)

z(é’ ) (lth 3th—51 +
6
When this form for the derivative is used, equation (7) changes to:
C (5t) (1 1 T[ 3T175t +§Tt—25t _th35tj —
z 6 z 2 z 3 2

sur/accs zvnes

ZQ+ Z ch -T.) (10)

+ i, C, (T, =T, )+, C, ( sup—Tz)

inf sys  p
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T'=

Ny . Nurfaces zones C . 3 3 1 S
>0+ > hAT,+ > mC T+, CT +m CT, —(zj(—3T“”+T’”’—T”‘”j
i st I pzi mn p- o sys — p~ supply z 2 z z

i=1 i=1

and the zone temperature update equation becomes:

N,

ot 3

i=1

z

(11)

11 C e N . .
o 52 + > hA+ ) mC -+, C +1i C
t i=1 i=1

This is the form currently used in EnergyPlus. Since the load on the zone drives the entire
process, that load is used as a starting point to give a demand to the system. Then a
simulation of the system provides the actual supply capability and the zone temperature is
adjusted if necessary. This process in EnergyPlus is referred to as a Predictor/Corrector
process. Itis summarized below.

Code Reference: the ZoneTempPredictorCorrector module performs the
calculations.

Zone Volume Capacitance Multiplier

If the Zone Volume Capacitance Multiplier = 1.0 this reporesents just the capacitance of the
air volume in the specified zone. If the value is not defined it is set to 1.0. This multiplier can
be greater than 1.0 if the zone air capacitance needs to be increased for stability of the
simulation. This multiplier increases the capacitance of the air volume by increasing the zone
volume that is used in the zone predictor-corrector algoriothm in the simulation. This can be
done for numerical reasons, such as to increase the stability which will decrease the air
temperature deviations at the time step level. Or it can be increased to try and account for
the additional capacitance in the air loop not specified in the zone, i.e. Dampers, diffusers,
duct work, etc., to see the effect on the dynamics of the simulation.

In the source code below we see how the ZoneVolCapMultp increases the zone volume used
for the air ratio at the time step in the system. This is constant throughout the simulation.

AIRRAT (ZoneNum) = Zone(ZoneNum)%Volume*ZoneVolCapMultp* &

PsyRhoAirFnPbTdbW(OutBaroPress,REAL(MAT(ZoneNum)) ,ZoneAirHumRat(ZoneNum))* &
PsyCpAirFnWTdb(ZoneAi rHumRat(ZoneNum) ,REAL(MAT (ZoneNum)))/ (TimeStepZone*SeclnHour)

Summary of Predictor-Corrector Procedure

The predictor-corrector scheme can be summarized as follows:

m Using equation (3), an estimate is made of the system energy required to balance the
equation with the zone temperature equal to the setpoint temperature.

m  With that quantity as a demand, the system is simulated to determine its actual supply
capability at the time of the simulation. This will include a plant simulation if necessary.

m  The actual system capability is used in equation (11) to calculate the resulting zone
temperature.

System Control

Previously, the formulation of a new heat balance equation with an unsteady zone
capacitance term was discussed Equation (4). In this equation the updated zone
temperature was calculated by removing its explicit dependence from the right hand side and
lagging, by one time step, the unknown terms on that side. However, the right hand side still
contains implicit dependencies on the zone temperature through the system control logic; the
need for heating or cooling in the zones, is based on zone temperature. In real buildings the
control system consists of one or more sensing units in the zone, such as a wall thermostat
that samples the air temperature and sends signals to a control unit. The controller looks at
the difference between the actual zone temperature and the desired temperature to ascertain
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. N“I .
Qload = Z Q
i=1

if heating or cooling is required and then sends appropriate signals to the system
components to drive the zone temperature closer to the desired value.

Although many control systems use only the zone temperature to control the system, most
modern energy management systems consider many other variables, such as outside
environment conditions.  Simulating such controllers would seem to be relatively
straightforward in a simulation especially since some of the more complex control problems,
such as managing duct pressures and flow rates, are not modeled. However, real controllers
have an advantage because they can sample zone conditions, and thus update system
response, on a time scale much shorter than any characteristic time of the system or zone.
Thus the feedback between zone and system usually results in steady or, at worst, slowly
oscillating zone conditions and system operation unless the system is grossly oversized. On
the other hand, the numerical model is only able to sample zone conditions at discrete time
intervals. In the interest of minimizing computation time, these intervals need to be as long
as possible. Frequently, they are of the order of, or longer than, the characteristic times of
the system and zones, except in the case of small system capacity in relation to zone
capacitance. This situation has the potential for unstable feedback between zone and
system, resulting in an oscillatory or diverging solution.

Prior to implementing the new heat balance method in IBLAST, several system control
strategies were considered. The primary objective was selection of a control method that
would: be numerically stable over a reasonable range of conditions, realistic from the
standpoint of looking and operating like an actual system controller, and flexible enough to be
applied to all current and projected systems. The method actually implemented in IBLAST,
and later EnergyPlus, took advantage of the computational model's "knowledge" of how much
energy enters or leaves the zone as a function of zone temperature i.e., the zone load. The
real controller, on the other hand, does not have this information. The net zone load is given
by Equation (12):

N\ur/u(es zom:

> kA ch ~T.)+m,C, (T, -T.) (12)

i=1

This is Equation (4) without the term due to the system. In addition, Tz is now the desired

zone temperature as defined by the control system setpoints that must be specified for each
zone. An assumption was made that if the system has sufficient capacity (based on the

desired zone temperature) to meet the zone conditioning requirements (i.e. st; Q',m, ) at

the desired zone temperature then those requirements will be met. On the other hand, if the
system can not provide enough conditioning to the zone to maintain the desired temperature,
then the system provides its maximum output to the zone and the zone temperature is
allowed to "float." Equation (12) was used to calculate the system output required to maintain
the desired zone temperature; the actual zone temperature update was accomplished using
Equation (8). This method was called predictive system energy balance. It has many
characteristics of a predictor-corrector method since the system response is first
approximated based on a predicted zone temperature and then the actual change in zone
temperature is determined from that system response. The predictive system energy
balance method required that the system controls on air mass flow rate, supply air
temperature, etc., be formulated as a function of the zone temperature. However, this was
not a serious drawback. The first example considered was a single zone draw through
system. Typically, such systems have a cooling coil and heating coil in series, and constant
air volume flow rate. Single zone draw through systems run at maximum capacity when
turned on so the only way to regulate net system output and keep the zone temperature
within the desired range is to turn the system on and off. A simplified schematic of this
system type is shown in Figure “Simplified single zone draw through system”.
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Figure 4. Simplified single zone draw through system

The amount of heating or cooling provided by the system in relation to the desired zone
temperature is given by:

O, =11, Colt(Toy = T e ) (13)

where n is the fraction of the time step that the system is turned on and varies between 0 and
1. The supply air temperature is also implicitly limited by the effectiveness of the coils and
the operating parameters of the central plant components. These interactions are discussed
later.

A far more complex, though again simplified, system is the variable air volume (VAV) system,
shown in Figure “Simplified Variable Volume System. In VAV systems, the supply air
temperature as well as the supply air volume are continuous functions of zone temperature.
As shown in Figure “Idealized variable volume system operation., when the zone temperature
is between T¢| and T¢y, cooling is required and the system varies the supply air flow rate

while maintaining a constant supply air temperature. When the zone temperature is between
Th| and Thy, heating is required and air is supplied at a constant minimum flow rate while the

supply air temperature is varied.

OUTSIDE VARIABLE
AR : - VOLUME FAN
MIXING e .
BOX ‘
RELIEF
AR A
DAMPER
RETURN AIR
ZONE |« H/C =] -

Figure 5. Simplified Variable Volume System.

The next figure (ldealized variable volume system operation) shows idealized behavior of a
VAV system; in practice, the air flow rate and temperature are not exact linear functions of
zone temperature.
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Figure 6. Idealized variable volume system operation.

As long as a VAV system has sufficient capacity, the zone temperatures can be expected to
vary within the limits defining the range of operation of the air damper, when cooling, or the
throttling range of the reheat coil, when the system is heating. This means that the desired
zone temperature, used to predict the system response, is variable and must be calculated in
order to determine the system output. For the purposes of this calculation, the following
definitions were found useful:

. Ns[ . Nmr/}u‘es Nzanev
Qo = ZQ; + Z hz'AiTw + Z miCpTzz' +minprTw (14)
i=1 i=1 i=1
. N surfaces N. zones
Qslope = Z hiAi + Z miCp + minfcp (15)
i=1

i=1

Equations (14) and (15) are derived, respectively, from the numerator and denominator of
Equation (11) but with the system related terms omitted. Also excluded from these
expressions are the effects of zone capacitance.

When a zone requires cooling, the VAV system is designed to provide air to that zone at a
constant supply air temperature. The amount of cooling is matched to the load by dampers in
the supply air duct that vary the air volume flow rate of being supplied to the zone. Assuming
that the volume flow rate varies linearly with zone temperature, the volume flow rate of supply
air normalized to the maximum flow rate, or supply air fraction, is given by:

e = Mein + (1= e )| 77 | Wi <7 1.0 (16)

c,upper c,lower

Normally, the minimum supply air fraction n¢ min must be greater than zero to ensure a
supply of fresh air sufficient to eliminate contaminants from the zone.

Conversely, when heating is required in a zone, the VAV system becomes a constant volume
flow rate system with a variable supply air temperature. The dampers are set to provide air to
the zone at the minimum supply air fraction. Throttling the hot water supply to the reheat coill,
which effectively alters the coil's heating capacity, modulates the supply air temperature.
Again, assuming the heat energy output varies linearly with zone temperature and
normalizing with respect to the maximum coil output gives the following result:
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T, -T
= | T <7, <10 (17)

h,upper L h,lower

Observe that when n is equal to zero, the zone is supplied with air at the cooling coil outlet

temperature at the minimum air fraction. Because the control strategies of the VAV system
are different whether the system is heating or cooling, two equations are necessary to
describe the system output in terms of nh and ne. These expressions are as shown in

Equations (18) and (19):

sts,h = 7711Qh/c,max + Cpmein (T;:/c - Ivz,pred,heut ) (1 8)

sts,C’ = Cpp (chmax )(T;/c - Tz,pred,cuol ) (1 9)

Equation (18) is valid for zone temperatures below Th upper, While Equation (19) is valid for

all temperatures above this value. Equating the system output to the zone load, as given by
Equation (12), the definitions of n¢ and np were then used to develop expressions for the

predicted zone temperature in the cases of heating and cooling:

Qh/c maxT;'l upper . C IOVminT'c/c
z,pred ,heat = : _— + QO + Q . (20)
houpper  * h,lower h/c,max 5 .
PP T . + Cp mein + Qslope
h,upper h,lower
B, ++B+B,
T;,pred,mol = 2 (21)
where,
. —C
B =T, +T,,, —lmn">2 (22)
1 cle c,lower C
1
C >, min
B2 = 4£_3+];/c (775’ _T'c,lowerj] (23)
Cl Cl
and,
1-n. .
C — nc,mm (24)
LT
c,upper e lower
C, = e (25)
Cpmeax
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__ 9 (26)
C,pV,

max

3

Once the predicted zone temperature has been calculated from Equations (20) and (21), the
system response may be determined. When a zone requires cooling the system supply air
temperature is constant at the cooling coil outlet temperature and the volume flow rate is
given by:

Vsupply = chmax

(27)

where the supply air fraction n¢ is computed from Equation (16). When heating is required

by the zone, the system provides air at the minimum volume flow rate and at a temperature
given by:

_ nth/c,max

supply clc :v v
p,C m

in

The reheat coil capacity fraction nh is determined by using Equation (17). Once Equation

(27) or (28), has been used, the supply air flow rate and temperature are known. These
values are then used in Equation (8) to calculate the updated zone temperature. The
equations describing VAV system operation may be solved without iteration if the cooling coil
outlet temperature is constant, i.e. if the coil has infinite capacity, and if the reheat coil
capacity varies linearly with zone temperature. This is not the case, either in practice or in
simulations, when realistic coil models are used. Therefore, an iteration scheme was
developed that solved these equations simultaneously with the coil performance models.

Moisture Predictor-Corrector

To preserve the stability of the calculation of the zone humidity ratio, a similar methodology
was used for the mass balance as was used by temperature in the heat balance as explained
above in the Summary of Predictor-Corrector Procedure. The third order differential
approximation derived by a Taylor Series was used in the calculation of the next time steps
zone air temperature

This idea was applied to predict and correct, or update, the zone humidity ratio. Writing the
transient mass balance equation with the change in the zone humidity ratio = sum of internal
scheduled latent loads + infiltration + system in & out + convection to the zone surfaces in the
equation below.

pair-FLz dnt/z = z kgmasssd,ed Loads + minf (Woo - sz ) + msySW —m

d SYSin SVSou 2

surfs

+ Z Aihmipair, (VVsur/‘S. - W;)
i1 ’ o
Then the third order derivative derived from a Taylor Series expansion is defined as:

11 t _ -0t 3 t-26t _1 136t
dz,ziz(lélm 3w +;WZ W, )+0(5t3).

t
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The coefficients of the approximated derivative are very close to the coefficients of the
analogous Adams-Bashforth algorithm. Then the approximated derivative is substituted into
the mass balance and the terms with the humidity ratio at past time steps are all put on the
right hand side of the equation. This third order derivative zone humidity ratio update
increases the number of previous time steps that are used in calculating the new zone
humidity ratio, and decreases the dependence on the most recent. The higher order
derivative approximations have the potential to allow the use of larger time steps by
smoothing transitions through sudden changes in zone operating conditions.

,0 _}L surfs
i 11 t . t . t t _
%(?) WZ +m WZ + msysom I/Vz + Z Aihmipairz VVZ -

inf
i=1

surfs

Z kg MASSSehed Loads + minf Woo + msys W;ysm + Z Ai hmi P air, I/Vsurfsi
i=1

PV (=8t | 3 qpr1-28t 1 pyrt-36t
B (s g )

This gives us the basic mass balance equation that will be solved two different ways, one
way for the predict step and one way for the correct step.

Moisture Prediction
For the moisture prediction case the equation is solved for the anticipated system response
as shown below.

PredictedSystemLoad =m,, W, —m

Massflow * HumRat = kg air/sec * kgWater/kg Air = kgWater/sec

SYSout SYS© " SYSin

Then solving the mass balance for the predicted system load or response is:

i=1

surfs
PredictedSystemLoad [kgWater/sec] = {%(%) +m, .+ Z Ah,.p., } W -

surfs ,0 _}L
. j t—5t 3 t-26t 1 t-30t
Z kgmaSSSchchoads + mianOO + z Aih’"ipai”z VVSWfSi + ‘gt - (SVVZ 2 VVZ t3 VVZ )
i=l1

Then using the following substitutions the mass balance equation becomes:

surfs

A=, + Z 4h,, Pair,

i=l1

surfs

B= Z kgmassSched Loads + M Woo + Zl Aihmipairz VVsurfs,-
i=

C — pa[r-}Lz
ot
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PredictedSystemLoad [kgWater/sec]= [( “) *C + A} *W.

6 SetPoint

|:B +C *(3szt—6t _%szt—ztit +%VV;_3& )]

At the prediction point in the simulation the system mass flows are not known, therefore the
system response is approximated. The predicted system moisture load is then he used in the
system simulation to achieve the best results possible. The system simulation components
that have moisture control will try to meet this predicted moisture load. For example,
humidifiers will look for positive moisture loads and add moisture at the specified rate to
achieve the relative humidity set point. Likewise, dehumidification processes will try to
remove moisture at the specified negative predicted moisture load to meet the relative
humidity set point.

After the system simulation is completed the actual response from the system is used in the
moisture correction of step, which is shown next.

Moisture Correction

For the correct step you solve the expanded mass balance equation for the final zone
humidity ratio at the current time step. When the system is operating the mass flow for the
system out includes the infiltration mass flow rate, therefore the infiltration mass flow rate is
not included as a separate term in the mass balance equation. But when the system is off,
the infiltration mass flow in is then exhausted out of the zone directly.

For system operating 77, = m, . +m This ensures that the mass and energy brought

VS "

into the zone due to infiltration is conditioned by the coils and is part of their load.

ZkgmassSchedLoads mme +m VVS}S
surfs
PV =5t 3 qprt-28t | | pprt-38t
Z i Paie W, +7§t (3Wz = W W )
W' =

z surfs

Pau¥> (1) Z
6 svs 1" "mil air,
5 t out p z

For system off, the mass flow in due to infiltration is exhausted from the zone. Therefore if
the system is shut down for a longer time, then the zone should stabilize at the outside air
humidity ratio and upon system startup the added mass and heat in the zone air is handled
by the system.

surfs

Z kgmassschcd Loads + minf Woo + Z Aihmi loairZ Wvurﬁv,
i=1

+ pagjLz (3VVZt—5t _%VVZt—Zét +%VVZt—36t)
t —_—
WZ - ey - ) surfs
o (%) + U + Z 14t’hmipairZ

ot i=1
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and then using the same A, B, and C parameters from the prediction step modified with
actual zone mass flows with the system ON and OFF:

If (ZoneMassFlowRate > 0.0) Then

surfs

B= Z kgmaSSSChEd Loads + Mg Woo + msysm VVsys + Z AihmipairZ VVsurfS,
i=1

surfs

A = minf + msysnw + z Aihmipairz
i=1

C — pair-FLz

ot

Else If (ZoneMassFlowRate <= 0.0) Then

surfs

B = Z kgmassschcd Loads + (minf + mExhuust ) Woo + z Aihmipair: VVsm’fSi

i=1

surfs

A = minf + mExhaust + Z Aihmipairz

i=1

End If
Then inserting them in the mass balance equation, it simplifies to:

B+C *(3VVZt—5t _%VVZt—Zét +%VVZt—3&)
o (11)*C+4

This is implemented in the Correct Zone Air Humidity Ratio step in EnergyPlus. This
moisture update equation is used for the Conduction Transfer Function (CTF) case in
EnergyPlus, in addition to the moisture cases. The equations are identical except that the
convection to the zone surfaces is non-zero for the moisture cases. This moisture update
allows both methods to be updated in the same way, and the only difference will be the
additional moisture capacitance of the zone surfaces for the Moisture Transfer Function
(MTF) case.

Zone Update Method

A zone is not necessarily a single room but is usually defined as a region of the building or a
collection of rooms subject to the same type of thermal control and having similar internal
load profiles that, subsequently, can be grouped together. Zones can interact with each other
thermally through adjacent surfaces and by intermixing of zone air. In EnergyPlus, the
conditions in each zone are updated by Equation (8), which uses previously calculated values
of the zone conditions. This means that EnergyPlus does not have to iterate to find a self
consistent solution of the updated zone conditions. However, because heat transfer through
each zone's surfaces and interzone mixing of air still occur, the new space temperatures
must be computed at the same simulation time and on the same time step in all zones, even
though conditions in one zone may be changing much more rapidly than conditions in the
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X #surf . #zones (tiAt) C
(ZQ{, + Z AT, + z m,C,T, +mmfcpTwJ +(5
t i=1 Jj=1

other zones. We have previously documented the method used to update the zone
temperature at each time step. This method, called the predictor corrector method, has
proved to be satisfactory over a wide range of conditions.

Variable Time Step

Prior to the integration of the central plant simulation in IBLAST, a time step At for the zone
temperature update of 0.25 hours (15 minutes) was found to give stable results without a
large increase in computation time. The first step in integrating the plants was to implement
the detailed coil models and coil control strategies without actually adding the plant models
themselves. This meant that the user had to specify the coil water inlet temperature and the
maximum coil inlet water flow rate to run the simulation. The real life analogy would be a
chiller of very large, though not infinite, capacity. The coil capacity was controlled by
adjusting the water flow rate, but the effect of the plant on the chilled water temperature was
eliminated. After implementation of this step, experience with the program showed that
updating the zone temperatures on a fixed time step frequently resulted in instabilities unless
a very short time step was used. However, as the time step got shorter the time required to
execute the program got prohibitively high.

Clearly, an adaptive time step was required. This would shorten the time step to maintain
stability of the zone air energy balance calculation when zone conditions were changing
rapidly and expand it to speed computation when zone conditions were relatively unchanging.
But, the adaptive time step could not be applied easily to the surface heat transfer
calculations, even using interpolation methods to determine new temperature and flux
histories. The problem of updating the zone temperature was resolved by using a two time
step approach in which the zone air temperature is updated using an adaptive time step that
ensures stability. In this two time level scheme, the contributions to the zone loads from the
surfaces, infiltration, mixing, and user specified internal loads are updated at the default or
user specified time step that is constant. A second variable time step is used to update the
system response and the zone mean air temperature. This time step is selected by first
calculating the system response and updating the zone temperature using the user specified
time step At. The maximum temperature change experienced by a zone is then evaluated on
a system by system basis. If the maximum zone temperature change is more than a preset
maximum of 1°C the system and zone updates are performed using a new time step At. This
adaptive time step is initially set to At/2 and is successively halved until the maximum zone
temperature change is less than the allowable maximum change. This approach can be
justified because the internal loads, surface temperatures, infiltration and mixing vary on a
different and longer time scale than the system response and the zone air temperature. The
zone temperature update was made using Equation (29) for each adaptive time step, which is
just a different form of Equation (8):

(1-0t)
t T; + msys Cp];upplyj

(29)

#Hsurf . #zones (FA[) C (1_&)
(Z hA+ Y. ijp+mmepJ +(5; +mSySCpJ

i=1 j=1

In Equation (29), At is the user specified time step and At is the adaptive time step that is
always less than or equal to At.

Simultaneous Solution of Plant/System Water Loop

Simultaneous solution of the system and plant operating parameters required that the
temperature of the water entering the coils must be the same as the temperature leaving the
chillers or boilers. In addition, the temperature of the return water from the coils must be
equal to the chiller or boiler entering water temperature. In practice so long as the plant is not
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out of capacity the leaving water temperature from chillers and boilers is constant and equal
to the design value. No iteration was required to match system and plant boundary
conditions. However, if either the chiller or boiler plant was overloaded then the temperature
of the water leaving the plant was not equal to the design value and the maximum output of
the plant could change because of the off-design conditions. An iterative scheme using the
secant method to predict successive updates to the plant leaving water conditions was
therefore employed to solve for the water loop conditions with the plant operating at its
maximum capacity. The simulation of the system and plant loops is described in greater
detail in the later sections.

References
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Surface Heat Balance Manager / Processes

Conduction Through The Walls

Conduction Transfer Function Module

The most basic time series solution is the response factor equation which relates the flux at
one surface of an element to an infinite series of temperature histories at both sides as
shown by Equation (30):

q;, (1) = Z XTI, s~ Z VT, s (30)
=0 7=0

where q” is heat flux, T is temperature, i signifies the inside of the building element, o signifies
the outside of the building element, t represents the current time step, and X and Y are the
response factors.

While in most cases the terms in the series decay fairly rapidly, the infinite number of terms
needed for an exact response factor solution makes it less than desirable. Fortunately, the
similarity of higher order terms can be used to replace them with flux history terms. The new
solution contains elements that are called conduction transfer functions (CTFs). The basic
form of a conduction transfer function solution is shown by the following equation:

nz nz nq
(.Il’c'z (t) = _ZOT;,[ - Z Z,];,H(s + YoTo,t + Z YjTu,t—jﬁ + Z q)qu’c’i,t—jc? (31)
= = =

for the inside heat flux, and

nq

qn, O ==Y, -2 YT, +XT +>XT, +>®4q, ., (32)
Jj=1 Jj=1 Jj=1

for the outside heat flux (q"=qg/A)

where:

X; = Outside CTF coefficient, j= 0,1,...nz.
Y; = Cross CTF coefficient, j= 0,1,...nz.
Z; = Inside CTF coefficient, j=0,1,...nz.
@, = Flux CTF coefficient, j = 1,2,...nq.
T; = Inside face temperature

T, = Outside face temperature

q,'!o = Conduction heat flux on outside face

q" = Conduction heat flux on inside face

The subscript following the comma indicates the time period for the quantity in terms of the
time step 3. Note that the first terms in the series (those with subscript 0) have been
separated from the rest in order to facilitate solving for the current temperature in the solution
scheme. These equations state that the heat flux at either face of the surface of any generic
building element is linearly related to the current and some of the previous temperatures at
both the interior and exterior surface as well as some of the previous flux values at the
interior surface.
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The final CTF solution form reveals why it is so elegant and powerful. With a single, relatively
simple, linear equation with constant coefficients, the conduction heat transfer through an
element can be calculated. The coefficients (CTFs) in the equation are constants that only
need to be determined once for each construction type. The only storage of data required
are the CTFs themselves and a limited number of temperature and flux terms. The
formulation is valid for any surface type and does not require the calculation or storage of
element interior temperatures.

Calculation of Conduction Transfer Functions

The basic method used in EnergyPlus for CTF calculations is known as the state space
method (Ceylan and Myers 1980; Seem 1987; Ouyang and Haghighat 1991). Another
common, older method used Laplace transformations to reach the solution; the Laplace
method was used in BLAST (Hittle, 1979; Hittle & Bishop, 1983). The basic state space
system is defined by the following linear matrix equations:

A+ e

ly]=[C][x]+[D][u]

where x is a vector of state variables, u is a vector of inputs, y is the output vector, t is time,
and A, B, C, and D are coefficient matrices. Through the use of matrix algebra, the vector of
state variables (x) can be eliminated from the system of equations, and the output vector (y)
can be related directly to the input vector (u) and time histories of the input and output
vectors.

This formulation can be used to solve the transient heat conduction equation by enforcing a
finite difference grid over the various layers in the building element being analyzed. In this
case, the state variables are the nodal temperatures, the environmental temperatures
(interior and exterior) are the inputs, and the resulting heat fluxes at both surfaces are the
outputs. Thus, the state space representation with finite difference variables would take the
following form:

T
d| :
T h T
—d-TA] ¢ |+[B]| ]
aa HE 7]
n 7—1 T
q i . i
MECHECHE
q o T o
where T1, To, ..., Tn-1, Tp are the finite difference nodal temperatures, n is the number of

nodes, Tj and T, are the interior and exterior environmental temperatures, and ‘L-” and q(’)’
are the heat fluxes (desired output).

Seem (1987) shows that for a simple one layer slab with two interior nodes as in Figure 7 and
convection at both sides the resulting finite difference equations are given by:
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D pa(r 1)+ 20
dt R
¢ _pa(r-1)+ 12
dt R
q", =h(T,-T,)
q",=h(T,-T,)
where:
_t
kA
C pe,t4 ,and
2

A is the area of the surface exposed to the environmental temperatures.

In matrix format:

dT, 1 h4 1
dt | | RC €  RC
dT, | 1 1
L ar RC RC

(q",] [0 —h nl,[o h
q" | |k 0T, |-h O
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Figure 7. Two Node State Space Example.

The important aspect of the state space technique is that through the use of matrix algebra
the state space variables (nodal temperatures) can be eliminated to arrive at a matrix
equation which gives the outputs (heat fluxes) as a function of the inputs (environmental
temperatures) only. This eliminates the need to solve for roots in the Laplace domain. In
addition, the resulting matrix form has more physical meaning than complex functions
required by the Laplace transform method.

The accuracy of the state space method of calculating CTFs has been addressed in the
literature. Ceylan and Myers (1980) compared the response predicted by the state space
method to various other solution techniques including an analytical solution. Their results
showed that for an adequate number of nodes the state space method computed a heat flux
at the surface of a simple one layer slab within 1% of the analytical solution. Ouyang and
Haghighat (1991) made a direct comparison between the Laplace and state space methods.
For a wall composed of insulation between two layers of concrete, they found almost no
difference in the response factors calculated by each method.

Seem (1987) summarizes the steps required to obtain the CTF coefficients from the A, B, C,
and D matrices. While more time consuming than calculating CTFs using the Laplace
Transform method, the matrix algebra (including the calculation of an inverse and exponential
matrix for A) is easier to follow than root find algorithms. Another difference between the
Laplace and State Space methods is the number of coefficients required for a solution. In
general, the State Space method requires more coefficients. In addition, the number of
temperature and flux history terms is identical (nz=nqg). Note that as with the Laplace method
that the actual number of terms will vary from construction to construction.

Two distinct advantages of the State Space method over the Laplace method that are of
interest when applying a CTF solution for conduction through a building element are the
ability to obtain CTFs for much shorter time steps and the ability to obtain 2- and 3-D
conduction transfer functions. While not implemented in the Toolkit, both Seem (1987) and
Strand (1995) have demonstrated the effectiveness of the State Space method in handling
these situations that can have important applications in buildings.

EnergyPlus CTF Calculations

Conduction transfer functions are an efficient method to compute surface heat fluxes
because they eliminate the need to know temperatures and fluxes within the surface.
However, conduction transfer function series become progressively more unstable as the
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time step decreases. This became a problem as investigations into short time step
computational methods for the zone/system interactions progressed because, eventually, this
instability caused the entire simulation to diverge. This phenomenon was most apparent for
thermally massive constructions with long characteristic times and, correspondingly, requiring
a large number of terms in the CTF series. This indicates that the problem is related to round-
off and truncation error and is in no way an indictment of the CTF method itself. Methods that
develop CTF series from finite difference approximations to the heat conduction equation
(Meyers, 1980; Seem, 1987) were considered to address this problem. Seem's method did
give better accuracy and stability at short time steps than the current BLAST technique but,
the method still had difficulty computing stable CTF series for time steps of less than 1/4 hour
for the heaviest constructions in the BLAST library.

The zone heat gains consist of specified internal heat gains, air exchange between zones, air
exchange with the outside environment, and convective heat transfer from the zone surfaces.
Of these, the surface convection load requires the most complicated calculations because a
detailed energy balance is required at the inside and outside surface of each wall, floor, and
roof. In addition, the transient heat conduction in the material between the surfaces must be
solved. This solution gives the inside and outside temperatures and heat fluxes that must be
known in order to calculate the convection component to the zone load for each zone
surface. BLAST uses a conduction transfer function CTF method attributed to Hittle (1980) to
solve the transient conduction problem for each surface. The method results in a time series
of weighting factors that, when multiplied by previous values of the surface temperatures and
fluxes and the current inside and outside surface temperatures, gives the current inside and
outside heat flux. The method is easily applied to multilayered constructions for which
analytical solutions are unavailable. In addition, determining the series of CTF coefficients is
a one time calculation, making the method much faster than finite difference calculations.

A problem with CTF methods is that the series time step is fixed; that is, a CTF series
computed for a one hour time step takes information at t-1 hours, t-2 hours, etc. and
computes conditions at the current time t. As time advances the oldest term in the input
series is dropped and the data moved back one time step to allow the newest value to be
added to the series. For convenience, the time step used to determine the CTF series should
be the same as the time step used to update the zone mean air temperature in the zone
energy balance. But, as the time step used to calculate the CTF series gets shorter, the
number of terms in the series grows. Eventually, with enough terms, the series becomes
unstable due to truncation and round-off error. Heavy constructions, such as slab-on-grade
floors (12" heavyweight concrete over 18" dirt), have accuracy and stability problems at time
steps as large as 0.5 hours when modeled by Hittle's CTF method. In an attempt to
overcome this problem, Hittle's method was replaced by Seem's method (1987) in IBLAST.
This resulted in some improvement in stability at shorter time steps, but not enough to allow
IBLAST to run at a 0.1 hour time step without restricting the types of surfaces that could be
used.

Even though CTF methods require that values of the surface temperatures and fluxes be
stored for only a few specific times before the current time, the temperature and flux histories
are, actually, continuous functions between those discrete points. However, there is no way
to calculate information at these intermediate times once a series has been initialized. The
terms in the temperature and flux histories are out of phase with these points. However, they
can be calculated by shifting the phase of the temperature and flux histories by only a fraction
of a time step. This procedure would allow a CTF series computed for a time step At, to be
used to compute information at times t+At/2, t+At/3, t+At/4, or any other arbitrary fraction of
the time step, so long as the surface temperatures and flux values were still At apart. Several
ways of doing this are described below.

The method shown in the Figure 8 maintains two sets of histories out of phase with each
other. The figure shows how this would work for two sets of histories out of phase by one
half of a time step. More sets of temperature and flux histories could be used, allowing the
simulation time step to take on values: 1/3, 1/4, 1/5, etc., of the minimum time step allowed
for the CTF calculations. The time step between inputs to the CTF series would be the
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smallest convenient interval at which the CTF series is stable. This scenario is illustrated in
this figure for two separate sets of temperature and flux histories. Cycling through each
history, in order, allowed calculations of the zone energy balance to be performed with
updated surface information at a shorter time step than one CTF history series would
otherwise allow. This method required no interpolation between the series once each set of
histories was initialized. However, if the smallest time step for a stable CTF series was large

compared to the zone temperature update time step, significant memory was required to
store all the sets of histories.

X X X X X X——x  history 1
0 | 0 0 0 0 0——0 history 2
X X : X : X : T
0 0 0 0——0
~di— X —H—X —+—X —+—X ——X
I T A T B I
time =

Figure 8. Multiple, staggered time history scheme

Another method is shown in Figure “Sequential interpolation of new histories” that uses
successive interpolations to determine the next set of temperature and flux histories. The
current history is interpolated directly from the previous history set using the required time
phase shift between the two. This method required permanent storage for only one set of
temperature and flux histories at a time, but smoothed out temperature and flux data as more
interpolations were performed. As a result, at concurrent simulation times current values of
history terms were different form previous "in phase" history terms. This was unacceptable

from, a physical point of view, because it allowed current information to change data from a
previous time.

\ /\ /\ /\ / X——X h%storyl
Q Q—0 O—— O  history2
\ /\ /\ )/\ )/_. x—x'  history 3

N /\ /\ /\ e 00! history 4
0'—0' o—o0" history 5

—-X

-
-

time

Figure 9. Sequential interpolation of new histories

A final method, shown in Figure “Master history with interpolation”, was something of a hybrid
of the previous two methods. One "master" history set was maintained and updated for all
time; this solved the problem of current events propagating information backwards in time.
When surface fluxes needed to be calculated at times out of phase with this master history a
new, temporary history was interpolated from the master values. This method proved to be
the best of the three options described because it eliminated propagation of information
backwards in time and only required concurrent storage of two sets of temperature and flux
histories. This method was subsequently incorporated into the IBLAST program in
conjunction with Seem's procedure for calculating the coefficients of the CTF series.
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Figure 10. Master history with interpolation
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Moisture Transfer Material Properties

Moisture transfer properties are non-linear over the entire range from dry to saturated.
Almost all material properties change over a large enough range of physical conditions, even
thermal conductivity, density, and specific heat, and they are all functions of moisture content.
With heat transfer only solutions, we frequently accept this simplification, even though the
thermal properties change as a function of moisture content. The problem is that the
additional material properties needed for the mass transfer equations are even stronger
functions of temperature and moisture content. The additional material properties needed
are the porosity, water vapor diffusivity, and coefficients to represent the moisture
capacitance; the amount of moisture in the material for that amount of material [kg
moisture/kg dry solid] and is dimensionless. The moisture capacitance coefficients are the
most non-linear, and are mainly functions of vapor density and temperature.
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Typical Masonry Moisture Capacitance

The next 2 figures are curves for two groups of major construction materials used in
buildings, masonry and wood. Investigating these typical curves show that there are linear
planes in these curves that can be used, as appropriate, for a building simulation. Building
elements with a typical diurnal cycle for the outside boundary conditions and typical
thermostat settings for the inside boundary conditions can stay within these linear planes
over a period of time.
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Figure 11. Masonary Moisture Capacitance Curves

The figure above shows us that there are some linear planes in the moisture capacitance
curves. There are normally 3 distinct regions: funicular state, high moisture content with
continuous threads of moisture in the pores; pendular state, the micropore surface is covered
with thin molecular layers of moisture and intraporous capillary liquid bodies have reduced in
significance; and the dry state, where the layer of moisture in the pores is essentially gone
and all the moisture is in vapor. Most buildings are in the pendular state. The graph above
shows there is a large linear plane that is in the pendular state. The bottom part of the figure
above also shows a 2-D moisture isotherm from the 3-D graph. In the 2-D graph it is clear
that there is a large portion in the pendular state where a transfer function analysis would be
valid. The moisture capacitance coefficients that are used in the MTF formulation are a
numerical fit of the linear plane in the 3-D graph for that material.
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Typical Wood Moisture Capacitance
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Figure 12. Wood Moisture Capacitance Curve

The same linear plane can be seen for wood in the pendular state in the figure above. Again,
here it is very clear that there is a linear portion in the pendular state where a transfer
function analysis would be valid. A linear fit of the plane in the pendular state is determined
and the coefficients are used in a simulation. The example in the next section illustrates this
assumption.

Linear Material Properties Example

The example is for an exterior wall building element with an exterior bricklayer, then
fiberglass insulation, and finally a gypsum interior layer. The weather environment used for
this example was an Atlanta Summer Design Day. First the environment weather extremes
must be determined. In this case, the outside temperature ranges from 21.69°C to 33.25°C,
while the inside ranges from 22.7°C to 24.3°C. The vapor densities range from 0.0162 to
0.01685 kg moisture/m® of air on the outside and 0.0123 to 0.0167 kg moisture/m® of air on
the inside. The complete table for all the layer interfaces is shown in the table below, as
determined from the simulation.

Table 2. Max & Min Temperatures and Vapor Densities for Atlanta Summer Design Day Simulation

Outside | Out-Brick | Brick-Insul| Insul-Gyp | Gyp-Inside| Inside
Max Temperature | 33.245834| 47.63116 | 40.315024 | 26.014503 | 25.417565 | 24.316999
Min Temperature | 21.695833| 23.902025| 26.034845 | 23.755466 | 23.633353 | 22.689005
Max Vapor Density| 0.01685 | 0.016816 | 0.020962 | 0.018213 | 0.016458 | 0.016768
Min Vapor Density | 0.016215| 0.016281 0.01051 0.012284 | 0.012621 | 0.012331

From the Table above we can roughly determine the endpoints of the path that the moisture
material properties traveled on the moisture capacitance curve.
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Figure 13. Relative Humidity Curves at Wall Element Interfaces

The figure above shows that none of the interfaces were above RH = 1.0 (100%), which
means no condensation took place in this example. A rough straight-line path can be
determined on the moisture capacitance curves. The dark dashed line shows a linear path
between the 2 endpoints for each layer for the wall of Brick, Fiberglass Insulation, and
Gypsum Drywall in the figures shown below. This linear path is obviously not the actual path,
but the actual path should be in a band around the linear path. As determined from the
simulation data, the actual path did not enter the invalid region of RH > 1.0 (100%); the actual
interface relative humidity is never greater than 0.8 (80%), as shown in the figure above.
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The approximate paths for all the wall materials are in or at the upper edges of the large
linear plane that encompasses the pendular state, and further justifies the appropriateness of
the linear assumptions for building analysis. Engineering judgment will have to be used when
the temperature and vapor density conditions approach the upper and lower edges of the
pendular state. Also, the upper right hand corner of each moisture capacitance curve
corresponds to RH > 1.0 (100%), and is an invalid region. It should be noticed that the
pendular state contains the majority of the moisture capacitance curves except as conditions
approach RH =1 (100%) and RH = 0 (0%), or the wet and dry extremes.
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Figure 16. Moisture Capacitance for Gypsum Drywall

This example shows that, with proper selection, the linear sections of the moisture
capacitance curve can be used in building simulations and a simulation using these moisture
extensions can be a useful tool to examine many moisture problems. With the current
implementation, it is difficult to use the MTF simulation approach for annual simulations
without careful consideration of the moisture capacitance coefficients due to the moisture
non-linearities.
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Effective Moisture Penetration Depth (EMPD) MODEL

Overview

Moisture has little effect on heating system performance, but a profound effect on the
performance of air conditioning systems. In order to accurately describe building
performance during periods when cooling is needed, it is very important to know the moisture
conditions of the building. If one assumes that all building moisture is contained in the room
air, then one ignores the fact that the materials that bound the room (e.g. wall surfaces,
furnishings, linens, etc.) store and release moisture. Thus, to assume that the only moisture
that effects cooling system performance is contained in the room air is a false, and it can lead
to significant error in the prediction of room moisture conditions and cooling system loads.

The EMPD (Effective Moisture Penetration Depth) model is a simplified, lumped approach to
simulate surface moisture adsorption and desorption.

EMPD Model Description

The EMPD concept assumes that a thin layer (dy) close to the wall surface behaves
dynamically and exchanges moisture with the air domain when exposed to cyclic air moisture
pulses. For short periods where the cyclic integral of the total moisture adsorption and
desorption is near zero (i.e. there is no net moisture storage), the EMPD concept has been
shown to be a reasonable approximation of reality (Kerestecioglu et al, 1989). In other
words, the following constraint must be met:
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ndU Ir =0 (33)

a dr

where, To-T1 denotes the finite time interval over which the equation holds. The EMPD model
assumes no spatial distribution of moisture content across the thickness (L) of the solid;
rather, a thin layer (dy) of uniform moisture content (U) is assumed to represent the total
moisture content of the solid. This may be mathematically stated as:

jOL U(x)dx =US, (34)

For most building materials, the equilibrium moisture sorption isotherm can be defined by the
following general equation (Kerestecioglu et al. 1988):

U=ag’+cp’ (35)
where
W*
~ _ 36
®» W (36)
and
gapu— *exp(23.7093——*4111 ) (37)
} R p T T —-35.45

Given that U=U(W*,T*), the moisture content may be differentiated with respect to time in the
following manner:

* *

du_0U dw' oudr’ _  dw . dr )

- = * + ) -
dr oW dr oT dr " dr ? dr

where Ar and B, are the isothermal moisture capacity and thermo-gradient coefficient,
respectively. From Egs. (36), (36) and (37), they can be expressed as:

b d
4, = 9by Fedg” (39)
W
and
| 4111
B =—|———— *(abp" + cd o’ 40
’ {T T —35.45)2}( Pt edy) 49)

The lumped mass transfer equation for the i-th solid domain may be written as

9/30/04

31



SURFACE HEAT BALANCE MANAGER / PROCESSES EFFECTIVE MOISTURE PENETRATION DEPTH (EMPD) MODEL

dU *
(4p,0y); d_Z'l =l AW, W) (41)

Using Egs. (38), (39), (40) and (41), one obtains the final equation needed for closure
moisture transfer at internal surface.

aw; . dr’
(A4.p,0,,4r); d—zj = hM,iAi(Wr -W,)+ (ApbaMBp)i d_;_ (42)

The energy equation for the envelope contains the surface temperature and is given by the
conduction equation

pC, % =V -(kVT) (43)

with the boundary conditions at interior surface

~kVT =—q,"+ h (T =T.)+ Ah,, (W —W.) (44)
A more detailed account of the numerical solution procedure can be found in Kerestecioglu et
al. (1988).

EMPD value determination

An effective moisture penetration depth may be determined from either experimental or
detailed simulation data by using actual surface areas and moisture vapor diffusivity. An
empirical function derived from the detailed simulation may be used to determine the EMPD
value (Kerestecioglu et al, 1989):

8, =12.567024-12.21373*exp(-267.0211* D7 *&°7) (45)
where
Ag
~|12Z 46
£ . (46)

Figure 17 gives the EMPD values to be used for various vapor diffusivities evaluated at
different ambient excitations.
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Figure 17. Limit of effective penetration depth values for various vapor diffusivities at different ambient

excitations.
EMPD Nomenclature
A = Area [m2]
A = Isothermal moisture capacity [m3/kg]
B, = Thermo-gradient coefficient [kg/kg-K]
C, = Specific heat [J/kg.K]
hw = Convective mass transfer coeff. [kg/mz-s]
hr = Convective heat transfer coeff. [W/mz-K]
k = Thermal conductivity [W/m-K]
L = Length [m]
q'r = Imposed heat flux [W/m?]

R, = ldeal gas constant [461.52 J/kg-K]
T = Temperature [K]

U = Moisture content [kg/kg]

w = Humidity ratio [kg/kg]

Greek letters

Om = Effective penetration depth for moisture equation [m]
A = Heat of vaporization [J/kg]

p = Density [kg/m3]

T = Time [s]

0] = Relative humidity [0 to 1]

4 = Ambient moisture excitation rate [1/h]
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Subscripts and superscripts

a = Air

b = Bulk

* = Surface

i = j-th surface
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Outside Surface Heat Balance
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Figure 18. Outside Heat Balance Control Volume Diagram

The heat balance on the outside face is:

Qorsor + A iwr + Deome =G =0 (47)
where:
q. , = Absorbed direct and diffuse solar (short wavelength) radiation heat flux.
qZWR = Net long wavelength (thermal) radiation flux exchange with the air and surroundings.

q{ffonv = Convective flux exchange with outside air.

‘]Zu = Conduction heat flux (gq/A) into the wall.

All terms are positive for net flux to the face except the conduction term, which is traditionally
taken to be positive in the direction from outside to inside of the wall. Simplified procedures
generally combine the first three terms by using the concept of a sol-air temperature. Each of
these heat balance components is introduced briefly below.
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External SW Radiation

qgml is calculated using procedures presented later in this manual and includes both direct

and diffuse incident solar radiation absorbed by the surface face. This is influenced by
location, surface facing angle and tilt, surface face material properties, weather conditions,
etc..

External LW Radiation

q; .z 1S @ standard radiation exchange formulation between the surface, the sky, and the

ground. The radiation heat flux is calculated from the surface absorptivity, surface
temperature, sky and ground temperatures, and sky and ground view factors.

External Convection

Convection is modeled using the classical formulation: q;w = heo(Tair - To) Where h,, is the

convection coefficient. Substantial research has gone into the formulation of models for
estimating the exterior surface convective heat transfer coefficient. Since the 1930's there
have been many different methods published for calculating this coefficient, with much
disparity between them (Cole and Sturrock 1977; Yazdanian and Klems 1994). EnergyPlus
offers a choice of six algorithms: Simple, Detailed, BLAST, TARP, MoWiTT, and DOE-2. See
the “Outside Convection Algorithm” object in the Input Output Reference document.

Note that when the outside environment indicates that it is raining, the exterior surfaces (exposed to wind)
are assumed to be wet. The convection coefficient is set to a very high number (1000) and the outside
temperature used for the surface will be the wet bulb temperature. (If you choose to report this variable,
you will see 1000 as its value.)

In addition to the correlation choices described below, it is also possible to override the

convection coefficients on the outside of any surface by two means:

m  Use the “Convection Coefficients” object in the input file to set the convection coefficient
value on either side of any surface.

m  Use the “Other Side Coefficients” object in the input file to set heat transfer coefficients
and temperatures on surfaces.

Both of the options can be applied using general schedules. Specific details are given in the
Input/Output reference document.

Local Wind Speed Calculation

All of the outside convection algorithms (except for TARP) use the same calculation to
determine the local wind speed at the heat transfer surface. The wind speed in the weather
file is assumed to be measured at a meteorological station located in an open field at a height
of 10 m. To adjust for different terrain at the building site and differences in the height of
building surfaces, the local wind speed must be individually calculated for each surface.

The wind speed is modified from the measured meteorological wind speed by the equation
(ASHRAE 2001):

V.=, [5j H )
Z’net 5

where z is the height of the centroid of the surface, z. is the height of the standard
metereological wind speed measurement, and a and 6 are terrain-dependent coefficients. &
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is the boundary layer thickness for the given terrain type. The values of a and & are shown in
the following tables:

Table 3. Terrain-Dependent Coefficients (ASHRAE 2001).

Terrain Description Exponent, | Layer Thickness,
a S (m)
1 Flat, open country 0.14 270
2 Rough, wooded country 0.22 370
3 Towns and cities 0.33 460
4 Ocean 0.10 210
5 Urban, industrial, forest 0.22 370

The terrain-dependent coefficients are only defined for terrain classes 1-4 in the Detailed,
BLAST, MoWiTT, and DOE-2 algorithms. To accomodate one additional terrain in
EnergyPlus, terrain 5 is mapped to the similar terrain 2. The TARP algorithm uses a different
set of coefficients that are unique for all five terrain classes. These are described in detail
below.

Since the meteorological measurement site is assumed to be flat, open country (terrain class
1) at a height of 10 m, the wind speed calculation becomes:

Z a
V.=V, Bl = 49
: ;mﬂ(aj (49)

where B is a constant value of 1.5863.
Simple Algorithm

The simple algorithm uses surface roughness and local surface windspeed to calculate the
exterior heat transfer coefficient. The basic equation used is:

h=D+EV,+FV’ (50)

The roughness correlation is taken from Figure 1, Page 22.4, ASHRAE Handbook of
Fundamentals (ASHRAE 1989). Specifically, the roughness coefficients D, E, and F are
shown in the following table:

Table 4. Roughness Coefficients D, E, and F.

Roughness Index D E F Example Material
1 (Very Rough) 11.58 5.894 0.0 Stucco
2 (Rough) 12.49 4.065 0.028 Brick
3 (Medium Rough) 10.79 4.192 0.0 Concrete
4 (Medium Smooth) 8.23 4.0 -0.057 Clear pine
5 (Smooth) 10.22 3.1 0.0 Smooth Plaster
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| 6 (Very Smooth) ‘ 8.23 3.33 -0.036 Glass

Note that the simple correlation yields a combined convection and radiation heat transfer coefficient.
Radiation to sky, ground, and air is included in the exterior convection coefficient for this alogrithm.

All other algorithms yield a convection only heat transfer coefficient. Radiation to sky, ground, and air is

calculated automatically by the program.

Detailed Algorithm

Table 5. Nomenclature List of Variables.

Variable

Description

Units

Range

A

Surface area of the
surface

m2

he

Surface exterior
convective heat transfer
coefficient

W/(m?K)

hy

Forced convective heat
transfer coefficient

W/(m?K)

Natural convective heat
transfer coefficient

W/(m?K)

Perimeter of surface

m

Ry

Surface roughness
multiplier

Tair

Environmental air
temperature

°C

Outside surface
temperature

°C

AT

Temperature difference
between the surface
and air,

°C

Vmet

Wind speed
measurement at
standard
meteorological
conditions

m/s

Windspeed modified for
height z above ground

m/s

Wi

Wind direction modifier

Height of the centroid of
the surface above
ground

Zmet

Height at which
standard
metereological wind
speed measurements
are taken

9/30/04

37



SURFACE HEAT BALANCE MANAGER / PROCESSES OUTSIDE SURFACE HEAT BALANCE

) Angle between the degree -
ground outward normal
and the surface
outward normal

a Terrain-dependent - -
coefficients
B Terrain-dependent - =1.5863
coefficients
Roughness Surface roughness - 1~6
Index index (6=very smooth,

5=smooth, 4=medium
smooth, 3=medium
rough, 2=rough, 1=very
rough)

The Detailed, BLAST, and TARP convection models are very similar. In all three models,
convection is split into forced and natural components (Walton 1981). The total convection
coefficient is the sum of these components.

h.=h,+h, (51)

The forced convection component is based on a correlation by Sparrow, Ramsey, and Mass
(1979):

[PV
hf :2537WfRf 7 (52)

where
W: = 1.0 for windward surfaces
or
W; = 0.5 for leeward surfaces (53)

Leeward is defined as greater than 100 degrees from normal incidence (Walton 1981).

The surface roughness multiplier Rt is based on the ASHRAE graph of surface conductance
(ASHRAE 1981) and may be obtained from the following table:

Table 6. Surface Roughness Multipliers (Walton 1981).

Roughness Index Rf Example Material
1 (Very Rough) 217 Stucco

2 (Rough) 1.67 Brick

3 (Medium Rough) 1.52 Concrete

4 (Medium Smooth) 1.13 Clear pine

5 (Smooth) 1.1 Smooth Plaster
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| 6(VerySmooth) | 1.00 | Glass |

Based on the ASHRAE Handbook of Fundamentals (ASHRAE 1993), the natural convection
component h, is:

AT
h, =9.482-—————— (for upward heat flow) (54)
7.238 - |cos ¢|
or
3 —
h,=1.810-————"— (for downward heat flow) (55)
1.382 +|cos ¢|

Note that Equations (54) and (55) are equivalent when the wall is vertical.

BLAST Algorithm

As of version 1.2.1, the BLAST algorithm is identical to the ASHRAE Detailed algorithm.
Previously the only difference was that the assumed height of the meteorological wind speed
measurement was 9.14 m instead of 10 m.

TARP Algorithm

Table 7. Nomenclature List of Variables.

Variable Description Units Range

he Surface exterior W/(m?K) -
convective heat
transfer coefficient

hy Forced convective W/(m?K) -
heat transfer
coefficient

h, Natural convective W/(mzK) -
heat transfer
coefficient

Tso Outside surface °C/K -
temperature

AT Temperature °C/K -
difference between the
surface and air,

V, Windspeed modified m/s -
for height z above
ground
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Zmet

Height at which
standard
metereological wind
speed measurements
are taken

=10.0

Terrain-dependent
coefficients

Terrain-dependent
coefficients

Angle between the
ground outward normal
and the surface
outward normal

degree

The TARP detailed convection model is very similar to the BLAST detailed model with forced

convection coefficients given by Equation (52), and natural convection coefficients given by

Equation (54) or (55), which are then summed using Equation (51). However, TARP uses a
slightly different equation for calculating the modified wind speed, using Equation (56) to
replace Equation (48) (Walton 1983):

I/z :Vmet.ﬁ.[

a
j
met

o and f are the terrain-dependent coefficients shown in the following table:

Table 8. Terrain Roughness Coefficients (Walton 1983).

Terrain Description o B
1 Flat, open country 0.15 1.00
2 Rough, wooded country 0.20 0.85
3 Towns and cities 0.35 0.47
4 Ocean 0.10 1.30
5 Urban, industrial, forest 0.25 0.67
MoWiTT Algorithm
Table 9. Nomenclature List of Variables.
Variable Description Units Range
A Constant W/(m*K(m/s)” -
b Constant - -
Ci Turbulent natural W/(m?K*?) -

convection constant
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he Surface exterior W/(m?K) -
convective heat transfer
coefficient

Tso Outside surface °C/K -
temperature

AT Temperature difference °C/K -
between the surface
and air,

The MoWITT model is based on measurements taken at the Mobile Window Thermal Test
(MoWITT) facility (Yazdanian and Klems 1994). The correlation applies to very smooth,
vertical surfaces (e.g. window glass) in low-rise buildings and has the form:

h, = \/{Ct (AT);}2 +[aVZb]2 (57)

Constants a, b and turbulent natural convection constant C, are given in Table 10.

NOTE: The MoWITT algorithm may not be appropriate for rough surfaces, high-rise surfaces, or surfaces
that employ movable insulation.

Table 10. MoWIiTT Coefficients (Yazdanian and Klems 1994).

Wind Ct a b
Direction
(Units) W/m?K*? W/m?K(m/s)" -
Windward 0.84 2.38 0.89
Leeward 0.84 2.86 0.617
DOE-2 Algorithm

Table 11. Nomenclature List of Variables.

Variable Description Units Range
a Constant W/(m?K(m/s)® -
Constant - -
he Surface exterior W/(m?K) -

convective heat
transfer coefficient

N giass Convective heat W/(mzK) -
transfer coefficient for
very smooth surfaces

(glass)
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hn Natural convective W/(m?K) -
heat transfer
coefficient

R¢ Surface roughness - -
multiplier

Tso Outside surface °C/K -
temperature

AT Temperature °C/IK -

difference between
the surface and air,

) Angle between the radian -
ground outward
normal and the

surface outward
normal

Description of the Model and Algorithm

The DOE-2 convection model is a combination of the MoWiTT and BLAST Detailed
convection models (LBL 1994). The convection coefficient for very smooth surfaces (e.g.
glass) is calculated as:

e =12 +[aV? ] (58)

h, is calculated using Equation (54) or Equation (55). Constants a and b are given in Table
10.

For less smooth surfaces, the convection coefficient is modified according to the equation

h,=h,+R,(h ) (59)

c,glass n

where Ry is the roughness multiplier given by Table 6.

Exterior Conduction

The conduction term, q,Zo _can in theory be calculated using a wide variety of heat conduction

formulations. Typically in EnergyPlus, the Conduction Transfer Function (CTF) method is
used. The available models are described in this section: Conduction Through The Walls.
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Inside Heat Balance

The heart of the heat balance method is the internal heat balance involving the inside faces
of the zone surfaces. This heat balance is generally modeled with four coupled heat transfer
components: 1) conduction through the building element, 2) convection to the air, 3) short
wave radiation absorption and reflectance and 4) long wave radiant interchange. The
incident short wave radiation is from the solar radiation entering the zone through windows
and emittance from internal sources such as lights. The long wave radiation interchange
includes the absorption and emittance of low temperature radiation sources, such as all other
zone surfaces, equipment, and people.

The heat balance on the inside face can be written as follows:

14 14 14 14 14 14
Drwx T Dsw t Dws T D + Dot T Deomy =0 (60)

where:

q;wy = Net long wave radiant exchange flux between zone surfaces.
q;'W = Net short wave radiation flux to surface from lights.

qZWS = Long wave radiation flux from equipment in zone.

q,; = Conduction flux through the wall.

g., = Transmitted solar radiation flux absorbed at surface.

q. .. = Convective heat flux to zone air.

Each of these heat balance components is introduced briefly below.
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wall |Room Shortwave radiation from
solar and internal sources

/ Longwave radiation

<¢— exchange with other

\ surfaces in zone
—>
Conduction Longwave radiation from

from internal sources
outside, gki

Convective heat exchange
with zone air

Figure 19. Inside Heat Balance Control Volume Diagram

Internal LW Radiation Exchange

LW Radiation Exchange Among Zone Surfaces

There are two limiting cases for internal LW radiation exchange that are easily modeled:
m The zone air is completely transparent to LW radiation.
m The zone air completely absorbs LW radiation from the surfaces within the zone.

The limiting case of completely absorbing air has been used for load calculations and also in
some energy analysis calculations. This model is attractive because it can be formulated
simply using a combined radiation and convection heat transfer coefficient from each surface
to the zone air. However, it oversimplifies the zone surface exchange problem, and as a
result, the heat balance formulation in EnergyPlus treats air as completely transparent. This
means that it does not participate in the LW radiation exchange among the surfaces in the
zone. The model, which considers room air to be completely transparent, is reasonable
physically because of the low water vapor concentrations and the short mean path lengths. It
also permits separating the radiant and convective parts of the heat transfer at the surface,
which is an important attribute of the heat balance method.

EnergyPlus uses a grey interchange model for the long wave radiation among zone surfaces.
This model is based on the “ScriptF” concept developed by Hottel (Hottel and Sarofim,
Radiative Transfer, Chapter 3, McGraw Hill, 1967). This procedure relies on a matrix of
exchange coefficients between pairs of surfaces that include all exchange paths between the
surfaces. In other words all reflections, absorptions and re-emissions from other surfaces in
the enclosure are included in the exchange coefficient, which is called ScriptF. The major
assumptions are that all surface radiation properties are grey and all radiation is diffuse. Both
assumptions are reasonable for building zone interchange.

The ScriptF coefficients are developed by starting with the traditional direct radiation view
factors. In the case of building rooms and zones, there are several complicating factors in
finding the direct view factors-—the main one being that the location of surfaces such as
thermal mass representing furniture and partitions are not known. The other limitation is that
the exact calculation of direct view factors is computationally very intensive even if the
positions of all surfaces are known. Accordingly, EnergyPlus uses a procedure to
approximate the direct view factors. The procedure has two steps:

1) Determine the total area of other surfaces “seen” by a surface.

2) Approximate the direct view factor from surface 1 to surface 2 as the ratio of the area of
surface 2 to the total area “seen” by surface 1.

The determination of the “seen” area has several constraints:
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No surface sees itself.
All surfaces see thermal mass surfaces.
No surface facing within 10 degrees of another surface is seen by the other surface.

All surfaces see roofs, floors and ceilings (subject to the preceding facing direction
constraint).

Because the approximate view factors may not satisfy the basic requirements of reciprocity
(two surfaces should exchange equal amounts of heat in each direction), and completeness
(every surface should have a direct view factor sum of 1.0), EnergyPlus does a view factor fix
operation before they are used in the ScriptF determination. Normally both of the
requirements are satisfied, but in some special situations they are not, and special rules are
applied.

m If a user includes less than four surfaces in a zone, only reciprocity is enforced.

m If the area of one surface in a zone is greater than the sum of the areas of all other
surfaces, reciprocity only is enforced, but sometimes, for very large surfaces, that
enforcement becomes impossible, and the view factors are modified so that only the
large surface is seen by very small surfaces.

Warning messages are produced for both of these cases, and the results should be
examined very carefully to ascertain that they are reasonable. The suggested action for the
second case (the extra large surface) is to divide the large surface into several smaller
surfaces; then the enclosure will be treated as normal.

Once the ScriptF coefficients are determined, the long wave radiant exchange is calculated
for each surface using:

q.,=AF, (T} -T})

70, i

where F); is the ScriptF between surfaces i and j.
Thermal Mass and Furniture

Furniture in a zone has the effect of increasing the amount of surface area that can
participate in the radiation and convection heat exchanges. It also adds participating thermal
mass to the zone. These two changes both affect the response to temperature changes in
the zone and also affect the heat extraction characteristics.

The proper modeling of furniture is an area that needs further research, but the heat balance
formulation allows the effect to be modeled in a realistic manner by including the furniture
surface area and thermal mass in the heat exchange process.

LW Radiation From Internal Sources

The traditional model for this source is to define a radiative/convective split for the heat
introduced into a zone from equipment. The radiative part is then distributed over the
surfaces within the zone in some prescribed manner. This, of course, is not a completely
realistic model, and it departs from the heat balance principles. However, it is virtually
impossible to treat this source in any more detail since the alternative would require
knowledge of the placement and surface temperatures of all equipment.

Internal SW Radiation

SW Radiation from Lights

The short wavelength radiation from lights is distributed over the surfaces in the zone in some
prescribed manner.
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Transmitted Solar

Transmitted solar radiation is also distributed over the surfaces in the zone in a prescribed
manner. It would be possible to calculate the actual position of beam solar radiation, but that
would involve partial surface irradiation, which is inconsistent with the rest of the zone model
that assumes uniform conditions over an entire surface. The current procedures incorporate
a set of prescribed distributions. Since the heat balance approach can deal with any
distribution function, it is possible to change the distribution function if it seems appropriate.

Convection to Zone Air

The convection flux is calculated using the heat transfer coefficients as follows:
o =h(T,-T,) (61)

The inside convection coefficients (h;) can be calculated using one of several models.
Currently the implementation uses coefficients based on natural convection correlations (3
options) and mixed and forced convection (1 option).

Interior Conduction

This contribution to the inside surface heat balance is the wall conduction term, g shown in

Equation (31). This represents the heat transfer to the inside face of the building element.
Again, a CTF formulation is used to determine this heat flux.

Interior Convection

Four inside convection models are included in EnergyPlus: two natural convection models, a
mixed / forced convection model, and a trombe wall convection model. Reference “Inside
Convection Algorithm” object in the Input Output Reference document and the inside
convection field for each zone. An overall default for the simulation is selected in the “Inside
Convection Algorithm” object and can be overridden by selecting a different option in a zone
description. These models are explained in the following sections. In addition to the
correlation choices described below, it is also possible to override the convection coefficients
on the inside of any surface by using the “Convection Coefficients” object in the input file to
set the convection coefficient value on the inside of any surface. The values can be specified
directly or with schedules. Specific details are given in the Input/Output reference document.

Detailed Natural Convection Algorithm

The detailed natural convection model, which is based on flat plate experiments, correlates
the convective heat transfer coefficient to the surface orientation and the difference between
the surface and zone air temperatures (where AT = Surface Temp. — Air Temp.). The
following algorithm is used:

For no temperature difference OR a vertical surface the following correlation is used.

h= 1.31|AT|% (62)

For (AT < 0.0 AND an upward facing surface) OR (AT > 0.0 AND an downward facing
surface) an enhanced convection correlation is used.

~ 9.482|AT|§

- 7.283—|cosZ| (63)
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where X is the surface tilt angle.
For (AT > 0.0 AND an upward facing surface) OR (AT < 0.0 AND an downward facing

surface) a reduced convection correlation is used.
1
1.810|AT]:

1.382 +|cos Z| (64)

where X is the surface tilt angle.
Simple Natural Convection Algorithm

The simple convection model uses constant coefficients for each of three heat transfer
configurations as follows. The model uses a criteria similar to the detailed model criteria to
calculate reduced and enhanced convection scenarios, then assigns heat transfer
coefficients as follows:

For a horizontal surface with reduced convection
h=10.948

For a horizontal surface with enhanced convection
h =4.040

For a vertical surface:
h=3.076

For a Tilted surface with Reduced Convection
h=2.281

For a Tilted surface with Enhanced Convection

h=3.870

Ceiling Diffuser Algorithm

The ceiling algorithm is based on a room outlet temperature reference. The correlations
shown in the figures below.

For Floors:

h=3.873+0.082* ACH"*® (65)

The correlation for floors is illustrated in the following figure:

9/30/04

47



SURFACE HEAT BALANCE MANAGER / PROCESSES INSIDE HEAT BALANCE

Floor Correlation
14 ¢ exp. data
2 : lati
—— correlation
EIZ 10 A /‘/
o8
S
s °
c 4
2
0 T T
0 50 100 150
ACH
Figure 20. Ceiling Diffuser Correlation for Floors
For ceilings:
h=2.234+4.099* ACH"" (66)

The correlation for ceilings is illustrated in the following figure:

Ceiling Correlation
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Figure 21. Ceiling Diffuser Correlation for Ceilings
For Walls:

h=1208+1.012% ACH"** (67)

The correlation for walls is illustrated in the following figure:
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Figure 22. Ceiling Diffuser Correlation for Walls

Trombe Wall Algorithm

The Trombe wall algorithm is used to model convection in a "Trombe wall zone", i.e. the air
space between the storage wall surface and the exterior glazing. (See the later sections on
Passive and Active Trombe Walls below for more information about Trombe walls.) The
algorithm is identical to the convection model (based on ISO 15099) used in Window5 for
convection between glazing layers in multi-pane window systems. Validation of this model
for use with a Trombe wall has not yet been completed.

Transparent Insulation Material (TIM)

Introduction

Transparent Insulation Materials (TIM) were originally designed for use in solar collector
systems, where there was a need to increase the insulation in the solar collector without
dramatically reducing solar energy transmittance. Transparent Insulation provides both these
properties, insulation from heat loss and transmittance of solar energy. The combination of
these properties is achieved, because Transparent Insulation is a transmitter of short wave
radiation but a barrier to long wave radiation. Therefore short wave solar radiation passes
through the Transparent Insulation and long wave heat radiation is insulated by the
transparent insulation. Incident solar energy falling on the transparent insulation is reflected
and re-reflected within the material and eventually falls on the absorber. In addition,
transparent insulation materials also have increase thermal resistance due to conduction in
comparison to standard glass.

Transparent Insulation is now used in the housing industry as a passive solar feature. It is
attached to the walls of houses for insulation and solar energy gains are transmitted to the
house during the right ambient conditions. The walls of the house act as a thermal mass,
absorbing the sunlight at the surface and converting it into heat which is slowly transmitted to
the inside of the house.

Comparison of Opaque and Transparent Insulation

A qualitative comparison between the performance of Transparent Insulation and opaque
insulation is shown diagrammatically in the figure below. The upper half of the figure
represents approximate heat transfer through the wall cross-section for both transparent and
opaque insulation cases. The lower half of this figure shows representative temperature
variations through the wall cross-sections for different solar conditions.
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Figure 23. Energy flows of opaquely and transparently insulated walls (Wood and Jesch 1993).

While both types of insulation reduce energy losses from the building via conduction through
the building surfaces, transparent insulation allows solar radiation to penetrate deeper into
the surface construction. This increases the construction internal temperature and can result
in heat being conducted into the building under the proper weather conditions. This can be
seen in the lower half of the above figure during a sunny day. The temperature plot shows a
maximum between the transparent insulation and the rest of the surface construction. As a
result, the temperature gradient results in heat transfer from this point into the interior space,
causing a heating effect on the zone. Thus, the advantage of transparent insulation is that,
like opaque insulation, it reduces winter heat transfer losses during low or no solar conditions
and has the possibility of providing heating during sunny winter days. It should be noted that
this same effect in summer could be detrimental to the cooling loads of a building since the
introduction of solar radiation closer to the space will increase the solar heating within the
zone. Most systems counteract this with a shading device or with sophisticated transparent
insulation systems.

Types of Transparent Insulation Materials

Transparent insulation can be classified into four general categories:
Absorber Parallel Covers
Cavity Structures
Absorber Vertical Covers
Quasi-Homogeneous Structures

Cross-sections of each of these types is shown in the figure below. The arrows in these
diagrams indicate solar rays and the path these rays trace as the are transmitted through the
transparent insulation layer. The most advantageous set-up (see absorber-parallel below)
would send most of the rays downward towards the interior of the building while minimizing
the rays that are reflected back to the exterior environment.
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Figure 24. Geometrical categories of classification for Transparent Insulation Material (Wood and Jesch
1993).

Basic Heat Balance - TARP and FORTRAN Algorithm

Basic Heat Balance Cases

A heat balance must exist at the outside surface-air interface. The incoming conductive,
convective, and radiative fluxes must sum up to zero:

Conductive + Convective + Radiative = 0 (68)

In contrast to the internal surface heat balance that treats all surfaces simultaneously, the
external thermal balance for each surface is performed independent of all other surfaces.
This implies that there is no direct interaction between the individual surfaces.

TARP includes four possible representations for the basic outside surface heat balance. The
first two depend on which of the optimal surface conductance algorithms the user selects.
The simple outside surface conductance that includes both the convective and thermal
interchange between the surface and the environment in a single coefficient, is represented
by the thermal network in Figure 25. Equation (68) can also be expressed as:

[KOP, + Y, +TI, - X,*TO, |+[ HO«(T, - TO,) | +QSO =0 (69)

This can be solved for the outside surface temperature.

TO,=

KOP, + QSO + Y, +TI,+HO-T, } 70

X,+HO
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The detailed outside surface conductance model considers convection and radiant
interchange with the sky and with the ground as separate factors. Its use in the outside
thermal balance is shown in Figure 26. In this case, equation (68) can be expanded to give

[KOP,+Y,T1,-X,*TO, ]+ HA«(T,-TO, ) +HS+(T,-TO, ) +HG+(T,-TO, ) | +QSO=0  (71)

This can be solved for the outside surface temperature:

KOP, + QSO + Y, *TI, +HA«T,+HS.T.+HG-T
TO,= . (72)

X, +HA+HS+HG

The third and fourth representations occur when the outside surface has been covered with
movable insulation. The insulation has a conductance of UM. The thermal network in Figure
27 represents this case. The insulation must be mass-less because it is not generally
possible to perform a correct thermal balance at the juncture of two surfaces each modeled
by CTF.

The equation for the thermal balance between the surface and the insulation is
[ KOP, +Y,+TI, = X,*TO, + UM+(TM-TO,) |+QSO = 0 (73)

Which can be rewritten to solve for TO :

° + °
. ot{KOPt +QSO+Y,+TI,+UM TM} 7

X,tUM
Depending on whether or not the detailed or simple algorithm for surface conductance is

being used, there are two expressions for TM, the outside temperature of the insulation. For
the simple conductance:

+ . +HO-
T™ = QSM+UMTO, +HO-T, (75)
UM+HO
For the detailed conductance:
QSM + UMeTO,+HA-T, +HST +HG*T
TO,= s (76)
UM+HA+HS+HG

In this case the values of HA, HS and HG must be found by using an estimated value of TM
in place of TO.
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Figure 25. Thermal network for simple outside surface coefficient
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Figure 26. Thermal network for detailed outside surface coefficient
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Figure 27. Thermal network for outside movable insulation

Heat Balance Cases

TO¢and TI; are related through the Y, CTF. However Tl; is also unknown. While it is possible
to combine the outside and the inside surface heat balances to compute TO; and TI;
simultaneously, TARP uses a simpler procedure where TO; is based on a previous value of
Tl. When Y, is small, as occurs in well insulated or very massive surfaces, Tl; can be
replaced by Tl; .4 (which is known for the previous hour’s heat balance) without significantly
effecting the value of TO;, When Y, is large, TO and Tl can so strongly be coupled that
separate outside and inside heat balances do not work because the environment and zone
temperatures have negligible influence on the heat balances. The TARP uses the inside
surface heat balance to couple TO; with TZ and TR. These two temperatures are less
strongly influenced by TO and allow a reasonable heat balance. On the first heat balance
iteration, TZ and TR are the values at time t-1. The user may optionally require that TO; be
recomputed with every iteration of Tl; . In this case TZ and TR have values from the previous
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iteration and a true simultaneous solution is achieved. In most conventional constructions,
recomputing TO; does not significantly change the computed zone loads and temperatures.

The inside surface heat balance is given by

TI, =

t

KIP + OSI + HC*TZ + HRTR +Y,*TO
Z,+HC+HR

(77)

The surface heat balances can be combined in eight ways according to conditions for

calculations of the outside surface temperature

Y,
F = S
Z,+HI +HR

UM
F=| ————
_UM+HO}
" H UM
> | UM +HA+HS + HG

Case1: Y, small, simple conductance, no movable insulation:

From Equation (70)

10 —| KOP +QS0+Y,-TI,, +HO-T,
t X,+HO

Case2: Y, not small, simple conductance, no movable insulation:
From Equations (70) and (77)

KOP, + QSO +HO-T, +E,+(KIP, +QSI+HI-TZ+HR-TR)}

TO,=
X,+HO-F,+Y,

Case3: Y, small, detailed conductance, no movable insulation:

From Equation (71)

o - KOP, + QSO+ YTl +HA*T, + HS*T, + HG-T,
t X, *HA+HS+HG

Case4: Y, not small, detailed conductance, no movable insulation:
From Equations (71) and (77)

O — KOP, + QSO + HA-T, + HS-T, + HG+T, + F,« KIP, +QSI+HI-TZ+HR TR )
t X, tHA+HS+HG-F+Y,

(78)

(79)

(80)

(81)

(82)

(83)

(84)
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Case5: Y, small, simple conductance, with movable insulation:

From Equations (74) and (75)

KOP, + QSO +Y,*TI ,+E « QSM+HO-TM
TOt= t Q 0 t-1 2 (Q ) (85)
X,+UM-F,-UM

Caseb: Y, not small, simple conductance, with movable insulation:

From Equations (74), (75) and (77)

O - KOP, +QSO +F,« QSM+HO-T, ) + F,+( KIP, +QSI+HI-TZ+HR TR ) (@)
t X, + UM-F,«UM-EY,

Case7: Y, small, detailed conductance, with movable insulation:

From Equations (74) and (76)

KOP, + QSO0+ Y, T, +F, (QSM+HA-T, +HS+T, +HG-T, )
87
X,+UM-F,-UM o7

TO,=

Case8: Y, not small, detailed conductance, with movable insulation:

From Equations (74), (76) and (77)

KOP, + QSO + F,«( KIP, +QSHHI-TZ+HR+TR ) +F, (QSM+HA+T, +HS+T, +HG-T, )

TO,= (88)
X,+UM-F,+UM-F,+Y,

FORTRAN Algorithm Examples

Caseb: Y, small, simple conductance, with movable insulation:

From Equation (85)
1 Qutside heat balance case: Movable insulation, slow conduction, simple

convection
F2 = DBLE(HmovInsul) /7 ( DBLE(Hmovinsul) + DBLE(HExtSurf(SurfNum)) )
TH(SurfNum,1,1) = (-CTFConstOutPart(SurfNum) &
+DBLE(QRadSWOutAbs(SurfNum) ) &
+Construct(ConstrNum)®%CTFCross(0)*TempSurfIn(SurfNum) &
+F2* ( DBLE(QRadSWOutMvIns(SurfNum)) &
+ DBLE(HExtSurf(SurfNum))* DBLE(TempExt) ) ) &
/( Construct(ConstrNum)%CTFOutside(0) + DBLE(Hmovinsul) &

- F2* DBLE(HMovlinsul))

Caseb: Y, not small, simple conductance, with movable insulation:

From Equation (86)
1 Qutside heat balance case: Movable insulation, quick conduction, simple

convection
F2 = DBLE(Hmovinsul) / ( DBLE(Hmovinsul) + DBLE(HExtSurf(SurfNum)) )
TH(SurfNum,1,1) = (-CTFConstOutPart(SurfNum)
+ DBLE(QRadSWOutAbs(SurfNum))

+F2*( DBLE(QRadSWOutMvIns(SurfNum))
+DBLE(HEXtSurf(SurfNum))* DBLE(TempExt) )

Ro Ro Ro Ro
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+F1*( CTFConstlInPart(SurfNum)

+ DBLE(QRadSWInAbs(SurfNum))

+ DBLE(QRadThermlnAbs(SurfNum))

+ DBLE(HConvIn(SurfNum))*MAT(ZoneNum)
+ DBLE(NetLWRadToSurf(SurfNum)) ) )
/( Construct(ConstrNum)%CTFOutside(0) + DBLE(Hmovinsul) &
-F2* DBLE(HMovinsul )- Fl1*Construct(ConstrNum)%CTFCross(0) )

Ro Ro Ro Ro Ro

Case7: Y, small, detailed conductance, with movable insulation:

From Equation (87)

1 Qutside heat balance case: Movable insulation, slow conduction, detailed
convection
F2 = DBLE(HMovinsul)/ ( DBLE(HMovinsul) + DBLE(HExtSurf(SurfNum)) &
+DBLE(HSky) + DBLE(HGround) )
TH(SurfNum,1,1) = (-CTFConstOutPart(SurfNum)
+DBLE(QRadSWOutAbs(SurfNum))
+Construct(ConstrNum)%CTFCross(0)*TempSurfIn(SurfNum)
+F2*( DBLE(QRadSWOutMvIns(SurfNum))
+DBLE(HEXtSurf(SurfNum))*DBLE(TempExt)
+DBLE(HSky)*DBLE(SkyTemp)
+DBLE(HGround)*DBLE(OutDryBulbTemp) ) )
/( Construct(ConstrNum)%CTFOutside(0)
+DBLE(HMovinsul) - F2*DBLE(HMovinsul) )

R0 Ro R0 Ro Ro RO RO Ro

Case8: Y, not small, detailed conductance, with movable insulation:

From Equation (88)

1 Qutside heat balance case: Movable insulation, quick conduction, detailed

convection

F2 = DBLE(HMovinsul)/ ( DBLE(HMovinsul) + DBLE(HExXtSurf(SurfNum)) &
+DBLE(HSky) + DBLE(HGround) )

TH(SurfNum,1,1) = (-CTFConstOutPart(SurfNum)

+DBLE(QRadSWOutAbs(SurfNum))

+F1*( CTFConstInPart(SurfNum)

+DBLE(QRadSWInAbs(SurfNum))

+DBLE(QRadThermInAbs(SurfNum))

+DBLE(HConvIn(SurfNum))*MAT (ZoneNum)

+DBLE(NetLWRadToSurf(SurfNum)) )

+F2*( DBLE(QRadSWOutMvIns(SurfNum))

+DBLE (HEXtSurf(SurfNum))*DBLE(TempExt)

+DBLE(HSky)*DBLE(SkyTemp)

+DBLE(HGround)*DBLE(OutDryBulbTemp) )

/( Construct(ConstrNum)%CTFOutside(0)

+DBLE(HMovinsul) - F2*DBLE(HMovinsul)

-F1*Construct(ConstrNum)%CTFCross(0) D

R0 R0 R0 R0 R0 R0 RO RO RO RO RO RO Ro

Fortran Variable Descriptions

Table 12. Fortran Variables and Descriptions

FORTRAN Variable Description Tarp Units | Description
Variable

TH(SurfNum,1,1) Temperature TO, C Temperature
History(SurfNum,Hist of outside of
Term,In/Out), where: surface | at
Hist Term (1 = time t
Current Time, 2-
MaxCTFTerms =
previous times),
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In/Out (1 = Outside,

2 = Inside)
Construct(ConstrNum)%CTFCross(0) Cross or Y term of YO W/m?K | Cross CTF
the CTF equation term
Construct(ConstrNum)%CTFInside(0) Inside or Zterms of | Z0 W/m?K | Inside CTF
the CTF equation term
Construct(ConstrNum)%CTFOutside(0) | Outside or X terms X0 W/m?K | Outside CTF
of the CTF equation term
CTFConstinPart(SurfNum) Constant inside KIP; W/m? | Portion of
portion of the CTF inward
calculation conductive
flux based
on previous
temperature
and flux
history terms
CTFConstOutPart(SurfNum) Constant Outside KOP; W/m? | Portion of
portion of the CTF outward
calculation conductive
flux based
on previous
temperature
and flux
history terms
F1,F2,F3 Intermediate F1, F2, Radiation
calculation variables | F3 interchange
factor
between
surfaces
GroundTemp Ground surface Ty C Temperature
temperature of ground at
the surface
exposed to
the outside
environment
HConvIn(SurfNum) Inside convection HI W/m’K | Inside
coefficient convection
coefficient
HExtSurf(SurfNum) Outside Convection | HO, HA | W/im?K | Overall
Coefficient outside
surface
conductance
HGround Radiant exchange HG W/m?K | Radiative
(linearized) conductance
coefficient (outside
surface to
ground
temperature
Hmovlinsul Conductance or "h" UM W/m?K | Conductance
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value of movable of Movable
insulation insulation
HSky Radiant exchange HS W/m’K | Radiative
(linearized) conductance
coefficient (outside
surface to
sky radiant
temperature
MAT(ZoneNum) Zone temperature TZ C Temperature
of zone air
NetLWRadToSurf(SurfNum) Net interior long HR*TR | W/m® | Net surface
wave radiation to a to surface
surface from other radiant
surfaces exchange
QRadSWInAbs(SurfNum) Short-wave radiation | QSI W/m? | Short wave
absorbed on inside radiant flux
of opaque surface absorbed at
inside of
surface
QRadSWOutAbs(SurfNum) Short wave radiation | QSO W/m? | Short wave
absorbed on outside radiant flux
opaque surface absorbed at
outside of
surface
QRadSWOutMvIns(SurfNum) Short wave radiation | QSM W/m? | Short wave
absorbed on outside radiant flux
of movable absorbed at
insulation surface of
movable
insulation
QRadThermIinAbs(SurfNum) Thermal Radiation W/m? Long wave
absorbed on inside radiant flux
surfaces from internal
gains
SkyTemp Sky temperature Ts C Sky temp
TempExt Exterior surface ™, T, C Temperature
temperature or of external
exterior air surface of
temperature movable
insulation or
outside
ambient air
temperature
TempSurfln(SurfNum) Temperature of Tliy C Temperature
inside surface for of inside of
each heat transfer surface | at
surface time t-1
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TIM- Basic Mathematical Model

TIM
oM

. . TTm
Incident Solar Gain !

\ asw / vl

O(wALL

OwaLL

OUTSIDE INSIDE
QsOo

Figure 28. Cross Section of TIM and wall, showing energy flow

Mathematical model to calculate amount of energy absorbed at the surface of Movable
Insulation (TIM) and at the Outside surface of the Wall.

OSM = a,,,, *Incident Solar (89)

The total solar gain on any exterior surface is a combination of the absorption of direct and
diffuse solar radiation given by

S
Incident Solar = (1,+cos 0+ SV +IF, +1,°F,) (90)

Where,

o = solar absorptance of the surface

06 = angle of incidence of the sun’s rays

S = area of the surface

sunlit area of the surface

intensity of the beam (direct) radiation

I = intensity of the sky diffuse radiation

intensity of the beam (direct) radiation

Fss = angle factor between the surface and the sky
Fsy = angle factor between the surface and the ground
Now,

&
1]

ol
1

awall + pwall = 1 (91)

The model for TIM is simplified in that it assumes that absorption of solar radiation takes
place at the inside and outside of the TIM only, not throughout the material. In addition, the
model assumes that the solar radiation absorbed during the first pass through the TIM affects
the outside surface of the TIM while the solar radiation reflected at the outer wall surface that
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gets absorbed during the back reflection will affect the inside TIM surface (which is also the
outside surface of the wall). Thus, the heat absorbed at the outside of the TIM is as shown in
Equation (89).

The heat absorbed at the inside of the TIM/outside of the wall includes two components. The
first component is the amount of solar that is transmitted through the TIM and absorbed at the
inside of the wall. This is characterized by the following equation:

First pass solar absorbed by wall = (THM «Incident Solar)-(awa,, )

The amount of solar absorbed by the TIM and aggregated at the inside surface of the TIM
(outside wall surface) is:

Amount of back reflection absorbed by TIM = (TT[M eIncident Solar)-(l -a,. )-aT,M (92)

The heat absorbed at the interface between the wall and the TIM includes both of these
components. Thus, QSO is equal to:

0S80 = (TTIM «Incident Solar)-{awa” + (1 -, )-a —_ } (93)

Substituting the definition for QSM into this equation and rearranging results in:

0SS0 = {M}.{awall + (1 v )'aTIM }
Ay
0S0 = (7, -QSM)-{(M}r(l—aW”)} (94)
aTlM

Where,
QSM = Short wave radiant flux absorbed at surface of Movable Insulation
QSsO = Short wave radiant flux absorbed at surface of Wall.
OTIM = Absorptance of TIM
M = Transmittance of TIM.
OLWALL = Absorptance of Wall.
P WALL = Reflectance of Wall surface

Following is the FORTRAN Code used in the HeatBalanceSurfaceManager module, to
determine the short wave radiation absorbed on outside of movable insulation and the short
wave radiation absorbed on outside of opaque surface of the wall.
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IF (Surface(SurfNum)%MaterialMovIinsulExt.GT.0) &
CALL EvalOutsideMovablelnsulation(SurfNum,HMovinsul,RoughlndexMovinsul,AbsExt)
IF (HMovinsul > 0) THEN 1 Movable outside insulation in place
QRadSWOutMvIns(SurfNum) = QRadSWOutAbs(SurfNum)*AbsExt &

/Material (Construct(ConstrNum)%LayerPoint(1))%AbsorpSolar
I For Transparent Insulation
QRadSWOutAbs(SurfNum) = Material (Surface(SurfNum)%MaterialMovinsulExt)%Trans &
*QRadSWOutMv Ins(SurfNum)* &
( (Material (Construct(ConstrNum)%LayerPoint(1))%AbsorpSolar/AbsExt) &
+(1-Material (Construct(ConstrNum)%LayerPoint(1))%AbsorpSolar) )

Sample Test Run Cases: - Comparison

A series of test cases were run in EnergyPlus to test the TIM model. The building was a very
simple box with walls facing north, south, east, and west, all of which are exterior walls.
Transparent Insulation Material has been applied to the south wall (except as noted in the
table below). The program was run for this fictional 1 zone building located in Chanute AFB
IL, for two design days, (21* June and 21% January). The main purpose of these runs was to
verify that the transparent insulation model was predicting results that were reasonable using
a simple test case. The winter design day was also modified in some runs to have a
clearness of 1.0 so that the effect that solar radiation during winter-time conditions could be
studied.

The Transparent Insulation material is conceived by applying a Movable Insulation on the
exterior. In the test cases, the TIM had the following thermal properties:

0.05, ! Thickness {m}

0.90, ! Solar transmittance at normal incidence

0.031, ! Solar reflectance at normal incidence: front side
0.031, ! Solar reflectance at normal incidence: back side
0.90, ! Visible transmittance at normal incidence

0.05, ! Visible reflectance at normal incidence: front side
0.05, ! Visible reflectance at normal incidence: back side
0.0, !IR transmittance at normal incidence

0.84, ! IR emissivity: front side

0.84, ! IR emissivity: back side

0.04; ! Conductivity {W/m-K}

The Wall Construction is defined as an EXTWALL80 composed of 1” Stucco, 4 Common
Brick and %4” Plaster or Gypboard.

The following two tables shows data for two series of runs. The first “summer table”
illustrates the execution of a summer design day. The second “winter table” shows winter
conditions with clearness=0 (the typical default for a winter design day) and clearness=1 (to
illustrate solar radiation with other winter conditions). Test cases included no movable
insulation, movable opaque insulation, and TIM on the exterior (south wall unless otherwise
noted). Savings reported are heating and cooling loads for the design days only. The results
showed that the TIM model was performing reasonably well and was producing results that
were within expectations.

Table 13. TIM with Summer Conditions

Conductivity Thick- Sensible Energy Saved
ness.
EXTWALLS80 Construction Cooling
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Energy
[W/m-K] [m] [J] [J]
Normal case 0.000 0.000 3.37E+08 0.00E+00
Without any Insulation
With Dense Insulation Present 0.040 0.025 3.17E+08 2.05E+07
With Dense Insulation Present 0.040 0.050 3.09E+08 2.84E+07
With Dense Insulation Present 0.040 0.100 3.02E+08 3.53E+07
With TIM Present 0.040 0.025 4.27E+08 -9.01E+07
With TIM Present 0.040 0.050 4.63E+08 -1.26E+08
With TIM Present 0.040 0.100 4.89E+08 -1.52E+08
With TIM Present -R value = 0.035 0.044 4.63E+08 -1.26E+08
(0.05m,0.04W/m-K)
With TIM Present 0.040 0.050 5.49E+08 -2.12E+08
(EAST WALL)
With TIM Present 0.040 0.050 3.63E+08 -2.57E+07
(NORTH WALL)
With TIM Present 0.040 0.050 5.64E+08 -2.27E+08
(WEST WALL)
Table 14. TIM with Winter Conditions
Conduc- Thick- Sensible Energy Sensible Energy
tivity ness. Saved Saved
EXTWALLS8O0 Heating Winter Heating Winter
Construction Energy Clear- Energy Clear-
ness=0 ness=1
[W/m-K] [m] [J] [J] [J] [J]
Normal case 0.000 0.000 | 1.47E+09| 0.00E+00| 1.05E+09 0.00E+00
Without any Insulation
With Dense Insulation 0.040 0.025 | 1.30E+09| 1.70E+08| 9.76E+08 7.40E+07
Present
With Dense Insulation 0.040 0.050 | 1.26E+09| 2.10E+08| 9.73E+08 7.70E+07
Present
With Dense Insulation 0.040 0.100 | 1.22E+09| 2.50E+08| 9.74E+08 7.60E+07
Present
With TIM Present 0.040 0.025 | 1.30E+09| 1.70E+08| 5.66E+08| 4.84E+08
With TIM Present 0.040 0.050 | 1.26E+09| 2.10E+08| 4.41E+08 6.09E+08
With TIM Present 0.040 0.100 | 1.22E+09| 2.50E+08| 3.57E+08 6.93E+08
With TIM Present -R 0.035 0.044 | 1.26E+09| 2.10E+08| 4.40E+08 6.10E+08
value =
(0.05m,0.04W/m-K)
With TIM Present 0.040 0.050 | 1.26E+09| 2.10E+08| 7.36E+08 3.14E+08
(EAST WALL)
With TIM Present 0.040 0.050 | 1.24E+09| 2.30E+08| 8.31E+08| 2.19E+08
(NORTH WALL)
With TIM Present 0.040 0.050 | 1.24E+09| 2.30E+08| 7.07E+08 3.43E+08
(WEST WALL)
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Sky and Solar/Shading Calculations

Sky Radiance Model

In EnergyPlus the calculation of diffuse solar radiation from the sky incident on an exterior
surface takes into account the anisotropic radiance distribution of the sky. For this
distribution, the diffuse sky irradiance on a surface is given by

AnisoSkyMult(SurfNum) * DifSolarRad

where DifSolarRad is the diffuse solar irradiance from the sky on the ground and SurfNum is
the number of the surface.

AnisoSkyMult is determined by surface orientation and sky radiance distribution, and
accounts for the effects of shading of sky diffuse radiation by shadowing surfaces such as
overhangs. It does not account for reflection of sky diffuse radiation from shadowing surfaces.

The sky radiance distribution is based on an empirical model based on radiance
measurements of real skies, as described in Perez et al., 1990. In this model the radiance of
the sky is determined by three distributions that are superimposed (see Figure 29)

(1) An isotropic distribution that covers the entire sky dome;
(2) A circumsolar brightening centered at the position of the sun;
(3) A horizon brightening.

Circumsolar brightening

Isotropic dome (concentrated at center of sun)

A

| Horizon brightening
(concentrated at horizon)

Figure 29. Schematic view of sky showing solar radiance distribution as a superposition of three
components: dome with isotropic radiance, circumsolar brightening represented as a point source at the

sun, and horizon brightening represented as a line source at the horizon.

The proportions of these distributions depend on the sky condition, which is characterized by
two quantities, clearness factor and brightness factor, defined below, which are determined
from sun position and solar quantities from the weather file.

The circumsolar brightening is assumed to be concentrated at a point source at the center of
the sun although this region actually begins at the periphery of the solar disk and falls off in
intensity with increasing angular distance from the periphery.

The horizon brightening is assumed to be a linear source at the horizon and to be
independent of azimuth. In actuality, for clear skies, the horizon brightening is highest at the
horizon and decreases in intensity away from the horizon. For overcast skies the horizon
brightening has a negative value since for such skies the sky radiance increases rather than
decreases away from the horizon.
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Table 15. Variables in Anisotropic Sky Model and Shadowing of Sky Diffuse Radiation

Mathematical Description Units FORTRAN variable
variable

lsky Solar irradiance on surface W/m? -
from sky

Ihorizon Solar irradiance on surface W/m? -
from sky horizon

ldome Solar irradiance on surface W/m? -
from sky dome

I circumsolar Solar irradiance on surface W/m? -
from circumsolar region

In Horizontal solar irradiance W/m? -

S Surface tilt radians Surface(SurfNum)%Tilt*"DegTo
Radians

a,b intermediate variables - -

Fi, F> Circumsolar and horizon - F1, F2
brightening coefficients

Q

Incidence angle of sun on radians IncAng
surface

Solar zenith angle radians | ZenithAng
Sky brightness factor - Delta
Sky clearness factor - Epsilon

3 [~ [B|N

relative optical air mass - AirMass

lo Extraterrestrial solar W/m? -
irradiance

| Direct normal solar W/m? Material% T Thickness
irradiance

K constant = 1.041 for Z in radians® | -
radians

Fi Brightening coefficient - F11R, F12R, etc.
factors

Recircumsolar Shadowing factor for - SunLitFrac
circumsolar radiation

Raome Shadowing factor for sky - DifShdgRatiolsoSky
dome radiation

Rhorizon Shadowing factor for horizon - DifShdgRatioHoriz
radiation

Sky radiance W/m? -

E
0 Azimuth angle of point in sky radians | Theta
0] Altitude angle of point in sky radians Phi

l; Irradiance on surface from a W/m? -
horizon element

Iy Irradiance on surface from a W/im? | -
sky dome element

SF Sunlit fraction - Fracllluminated
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I Sky solar irradiance on W/m? -
surface with shadowing

Sky Diffuse Solar Radiation on a Tilted Surface
The following calculations are done in subroutine AnisoSkyViewFactors in the SolarShading
module.

In the absence of shadowing, the sky formulation described above gives the following
expression for sky diffuse irradiance, Iy, on a tilted surface:

I, =1 +/ +/

sky — * horizon dome circumsolar
where

= irradiance on surface from sky horizon =[,F,sin§

horizon

=irradiance on surface from sky dome =1,(1-F)(1+cosS)/2

dome

= irradiance on surface from circumsolar region =/, Fla/b

circumsolar

AnisoSkyMult is then /g, /DifSolarRad.
In the above equations:
I, = horizontal solar irradiance (W/mz)
S = surface tilt (radians)
a = max(0,cosa)
b = max(0.087, cosZ)
F; = circumsolar brightening coefficient
F> = horizon brightening coefficient
where
a = incidence angle of sun on the surface (radians)
Z = solar zenith angle (radians).
The brightening coefficients are a function of sky conditions; they are given by

F=F(&)+F,(e)A+ F;(6)Z
By = Fy (&) + Fy()A+ Fy(£)Z

Here the sky brightness factor is
A=Im/l,

where

m = relative optical air mass

I, = extraterrestrial irradiance (taken to have an average annual value of 1353 W/m?);
and the sky clearness factor is

8_(1h+1)/1h+xz3
1+x7°

where
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| = direct normal solar irradiance

K = 1.041 for Z in radians

The factors F; are shown in the following table.’
Table 16. Fj Factors as a Function of Sky Clearness Range.

& Range | 1.000-1.065 1.065-1.230 1.230-1.500 | 1.500-1.950 | 1.950-2.800 | 2.800-4.500 | 4.500-6.200 | >6.200

Fi -0.0083117 0.1299457 0.3296958 0.5682053 0.8730280 1.1326077 1.0601591 0.6777470
Fi2 0.5877285 0.6825954 0.4868735 0.1874525 -0.3920403 | -1.2367284 | -1.5999137 | -0.3272588
Fis -0.0620636 -0.1513752 -0.2210958 | -0.2951290 | -0.3616149 | -0.4118494 | -0.3589221 | -0.2504286
Fa1 -0.0596012 -0.0189325 0.0554140 0.1088631 0.2255647 0.2877813 0.2642124 0.1561313
Fa2 0.0721249 0.0659650 -0.0639588 | -0.1519229 | -0.4620442 | -0.8230357 | -1.1272340 | -1.3765031
Fas -0.0220216 -0.0288748 -0.0260542 | -0.0139754 | 0.0012448 0.0558651 0.1310694 0.2506212

Shadowing of Sky Diffuse Solar Radiation

Sky diffuse solar shadowing on an exterior surface is calculated as follows in subroutine
SkyDifSolarShading in the SolarShading module. The sky is assumed to be a superposition
of the three Perez sky components described above.

For the horizon source the following ratio is calculated by dividing the horizon line into 24
intervals of equal length:

24
> I.SF,

_ i=1

" Irradiance from horizon without obstructions i I
i=1

Irradiance from horizon with obstructions

horiz

where [; is the unobstructed irradiance on the surface from the i interval, SF; is the sunlit
fraction from radiation coming from the " interval, and the sums are over intervals whose
center lies in front of the surface. SFj is calculated using the beam solar shadowing method
as though the sun were located at the /" horizon point. Here

I, =E(6,)d0Ocosq,

where

E (6;) = radiance of horizon band (independent of 8)

d6 = 21/24 = azimuthal extent of horizon interval (radians)
6;=0° 15°, ..., 345°

a; = incidence angle on surface of radiation from 6;

The corresponding ratio for the isotropic sky dome is given by

24

6
z z Ii/ SFZJ

_ =l j=1
24 6

Irradiance from dome with obstructions

dome " Trradiance from dome without obstructions I
i

i=l j=1

"The Fij values in this table were provided by R. Perez, private communication, 5/21/99. These values have higher precision
than those listed in Table 6 of Perez et al., 1990.
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where (I,j) is a grid of 144 points (6 in altitude by 24 in azimuth) coverlng the sky dome, /,j is
the unobstructed irradiance on the surface from the sky element at the Ij point, SFj is the

sunlit fraction for radiation coming from the lj element, and the sum is over points lying in
front of the surface. Here

1, =E(0,¢;)cosp,dbdpcosa,

where

E (6j,9)) = sky radiance (independent of 8 and ¢ for isotropic dome)
db = 21/24 = azimuthal extent of sky element (radians)

de = (11/2)/6 = altitude extent of sky element (radians)

6;=0° 15°, ..., 345°

@j=75°1225° ...,825°

ajj = incidence angle on surface of radiation from (6;,¢;)

Because the circumsolar region is assumed to be concentrated at the solar disk, the
circumsolar ratio is

Irradiance from circumsolar region with obstructions

R

circumsolar —

= SF;'Mll

Irradiance from circumsolar without obstructions

where SFg,, is the beam sunlit fraction. The total sky diffuse irradiance on the surface with
shadowing is then
Isky =R +R

horizon™ horizon dome™ dome circumsolar™ circumsolar

Rhorizon and Rgome are calculated once for each surface since they are independent of sun
position.

With shadowing we then have:
AnisoSkyMult = I’y /DifSolarRad.

Shadowing of Sky Long-Wave Radiation

EnergyPlus calculates the sky long-wave radiation incident on exterior surfaces assuming
that the sky long-wave radiance distribution is isotropic. If obstructions such as overhangs are
present the sky long-wave incident on a surface is multiplied by the isotropic shading factor,
Rdome, described above. The long-wave radiation from these obstructions is added to the
long-wave radiation from the ground; in this calculation both obstructions and ground are
assumed to be at the outside air temperature and to have an emissivity of 0.9.

Shading Module

Shading and Sunlit Area Calculations

When assessing heat gains in buildings due to solar radiation, it is necessary to know how
much of each part of the building is shaded and how much is in direct sunlight. As an
example, the figure below shows a flat roofed, L-shaped structure with a window in each of
the visible sides. The sun is to the right so that walls 1 and 3 and windows a and ¢ are
completely shaded, and wall 4 and window d are completely sunlit. Wall 2 and window b are
partially shaded. The sunlit area of each surface changes as the position of the sun changes
during the day. The purpose of the EnergyPlus shadow algorithm is to compute such sunlit
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areas. Predecessors to the EnergyPlus shadowing concepts include the BLAST and TARP
shadowing algorithms.

The shadow algorithm is based on coordinate transformation methods similar to Groth and
Lokmanhekim and the shadow overlap method of Walton.

Figure 30. Overall Shadowing Scheme Depiction

Solar Position

Current solar position is described in terms of three direction cosines that are convenient for
determining the angle of incidence of the sun’s rays on a building surface. The following
procedure is used to determine the direction cosines. The values of the solar declination
angle, 8, and the equation of time, ¢, are based on Astronomical Algorithms, Meeus. Solar
declination is a function of local/site latitude.

The fractional year is calculated, in radians:

27
=——(day o ear
/4 366( y _of _year)

From this fractional year, the equation of time and solar declination angle are calculated. For
each time step (time value = fractional hour), the hour angle is calculated from:

HourAngle = (1 5-(1 2- (Time Value + EquationOfTime)) + (TimeZoneMeridian - Longitude))

TimeZoneMeridian is the standard meridian for the location’s time zone {GMT +/-}.

Solar HourAngle (H) gives the apparent solar time for the current time period (degrees);
HourAngle is positive before noon, negative after noon. It is common astronomical practice
to express the hour angle in hours, minutes and seconds of time rather than in degrees. You
can convert the hour angle displayed from EnergyPlus to time by dividing by 15. (Note that 1
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hour is equivalent to 15 degrees; 360° of the Earth’s rotation takes place every 24 hours.)
The relationship of angles in degrees to time is shown in the following table:

Table 17. Relationship of Angles (degrees) to Time

Unit of Angle  Equivalent time

1 radian 3.819719 hours

1 degree 4 minutes

1 arcmin 4 seconds

1 arcsec 0.066667 seconds

The Solar Altitude Angle (B) is the angle of the sun above the horizontal (degrees). The Solar
Azimuth Angle (¢) is measured from the North (clockwise) and is expressed in degrees. This
is shown more clearly in the following figure.

Figure 31. Solar Position lllustration

Surface Geometry

Shadow calculations first require that the building surfaces be described geometrically.
Surfaces are described by the coordinates of their vertices in a three dimensional Cartesian
coordinate system. This Right-hand coordinate system has the X-axis pointing east, the Y-
axis pointing north, and the Z-axis pointing up (see figure below). The azimuth angle (y) of a
surface is the angle from the north axis to the projection onto the X-Y plane of a normal to the
surface (clockwise positive). The surface tilt angle (¢) is the angle between the Z-axis and the
normal to the surface. The vertices are recorded in counter-clockwise sequence (as the
surface is viewed from outside its zone).
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Fone Morth Axiz

Z Axis Y Axis

Figure 32. EnergyPlus Coordinate System

The SurfaceGeometry object specifies to EnergyPlus how the surface vertices will be
presented in the input file. Of pertinent interest here is that the user may specify the vertices
in either “relative” or “world” coordinates. Regardless of input specifications, when vertices
are reported, they are reported in world coordinates, starting at the upper-left-corner (4-sided
surface) and are listed counter-clockwise.

Relative Coordinate Transformation

When vertices are specified in “relative” coordinates, there can be a “building” north axis as
well as a “zone” north axis. The building north axis/coordinate system is a rotation of
degrees from the global/world coordinate system. The global coordinates of zone origins are
related to the building relative coordinates by:

X, =X, scosy, =Y, «siny, (95)

Y, =Y, ssiny, -, cosy, (96)

Z,=2, (97)
Where

zo — represents Zone Origin
br — represents the Zone Origin as input (relative to building origin)

The zone may also be rotated , degrees relative to the building coordinates. Origins of zone
surfaces are then given relative to the zone coordinate system. The global coordinates of the
surface origins are calculated by:

XSO = XZG + XZV .COS WZ - YZ}” .Sin l//Z (98)
YS‘O = }/ZG + XZV .Sin WZ - YZ}” .COS l//Z (99)
X, =X_+X_ ecosy, —Y esiny, (100)
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A surface azimuth angle relative to the zone coordinate system (ys) is converted to a global
azimuth by:

The surface tilt angle (¢) is not changed by these rotations about the Z-axis.

The coordinates of the surface vertices are given in a coordinate system in the plane of the
surface relative to the second vertex as shown for surfaces in Figure 32. The X-axis of the
surface coordinate system is a horizontal line through the second vertex. The global
coordinates of the surface vertices are given by:

X=X_+X, ecosy—Y, esinyecosg (102)
Y=Y +X, esiny—Y scosyecosgp (103)
Z=7Z_ +Y esing (104)

World Coordinates = Relative Coordinates

Vertices in the global coordinate system can be transformed to the coordinate system relative
to a given surface by

X=X-X, (105)
Y=Y-Y, (106)
Zz=z-Z, (107)
X, ==X ecosy +Y ssiny (108)
Y, =—X esinyecos@+Y «cosycos@+ Z ssin ¢ (109)
Z, =—X ssinyesing+Y «cosyesin g+ Z «cos ¢ (110)

Shadow Projection

All architectural forms are represented by plane polygons. This can give good accuracy even
for curved surfaces: a sphere can be approximated by the 20 nodes of an icosohedron with
only 3 percent error in the shadow area cast by the sphere. Consider how a solid object,
which is composed of a set of enclosing plane polygons, casts a shadow. Figure 33 shows a
box shaped structure on a horizontal surface. The structure consists of a top (surface 1) and
four vertical surfaces (2 and 3 visible to the observer and 4 and 5 not visible). The sun is
positioned behind and to the right of the structure and a shadow is cast onto the horizontal
surface (the ground).

Surfaces 1, 4, and 5 are in sunlight; 2 and 3 are in shade. It is possible to think of the
structure's shadow as the combination of shadows cast by surfaces 1, 2, 3,4 and 5or by 1, 4
and 5, or by surfaces 2 and 3. This last combination of shadow casting surfaces is the
simplest. In the EnergyPlus shadow algorithm every surface is considered to be one of the
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surfaces that enclose a solid, and only those surfaces that are not sunlit at a given hour are
considered shadowing surfaces.

L7

{

Figure 33. Basic shadowing concept structure

The expressions in equation (110) are the direction cosines of the surface:

CW, =sinycos ¢ (111)
CW, =cosyesing (112)
CW, =cos¢ (113)

The cosine of the angle of incidence of the sun's rays on the surface are given by the dot
product of surface and sun direction cosines.

080 = CS,+CW, + CS,+CW, + CS,+CW, (114)

If cos@ is less than zero, the sun is behind the surface.

A shadow is projected from the vertices of the shadowing polygon (SP) along the direction of
the sun's rays to the plane of the shadow receiving polygon (RP). If any vertices of the SP
are below the plane of the RP (z < 0), a false shadow is cast as in Figure 34. The
"submerged" portion of the SP must be clipped off before projection.
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Figure 34. lllustration of Shadow Clipping

This is done by finding, through linear interpolation, the points on the perimeter of the SP,
which intersect the plane of the RP. These points become new vertices of the SP, which
together with the other positive vertices define a clipped SP that casts only a real shadow.

A vertex located at (x, y, z) relative to the RP coordinate system casts a shadow to a point in
the plane of the RP given by

: Zea
X =x- (115)
cosd
, zeb
y =y- (116)
cosd
where

a =siny+CS, —cosyCS,
and

b=—cosyecosg+CS, —sinyecos gCS, +sin g-CS,

Homogeneous Coordinates

Two-dimensional homogeneous coordinate techniques are used to determine the vertices of
shadow overlaps. In homogeneous coordinates, points and lines are represented by a single
form that allows simple vector operations between those forms [Newman-Sproul]. A point (X,
Y) is represented by a three element vector (x, y, w) where x = w*X, y = w*Y, and w is any
real number except zero. A line is also represented by a three element vector (a, b, c). The
directed line (a, b, c) from point (x4, y1, wy) to point (xz, y2, W) is given by:

(a,b,¢)=(x,1,,2) ®(x,,¥,,2,) (117)
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The sequence in the cross product is a convention to determine sign. The condition that a
point (x, y, w) lie on a line (a, b, c) is that

(a,b,c)e(x,y,w)=0 (118)
The point is normalized by dividing by w. Then if
(a,b,c)e(x/w,y/w,1)>0 (119)

the point is to the left of the line. If it is less than zero, the point is to the right of the line. The
intercept (x, y, w) of line (a4, by, ¢1) and line (a, by, ¢,) is given by:

(x,y,w) =(a,,b,¢,)®(a,,b,,c,) (120)

Note that the use of homogeneous coordinates as outlined above provides a consistent
method and notation for defining points and lines, for determining intercepts, and for
determining whether a point lies to the left, to the right, or on a line. Normalization provides
the means for transforming to and from homogeneous notation and Cartesian coordinates.
Thus, if (X, Y) is a Cartesian coordinate pair, its homogeneous coordinates are (X, Y, 1).
Similarly, the homogeneous coordinates (x, y, w) can be transformed to the Cartesian point
with coordinates (x/w, y/w).

Overlapping Shadows

After transforming the shadows onto the plane of the receiving surface, the basic job of the
shadow algorithm is to determine the area of the overlap between the polygons representing
the shadows and the polygon representing the receiving surface.

There is considerable simplification if only convex (no interior angle > 180 ) polygons are
considered. The overlap between two convex polygons is another convex polygon.
Coordinate and projection transformations of a convex polygon produce another convex
polygon. Any non-convex polygon can be constructed as a sum of convex ones.

The vertices that define the overlap between two convex polygons, A and B, consist of:
3) the vertices of A enclosed by B

4) the vertices of B enclosed by A

5) and the intercepts of the sides of A with the sides of B

In Figure 35, point a is the result of rule 1, point ¢ is the result of rule 2, and points b and d
result from rule 3. The overlap of A and B is the polygon a-b-c-d. Figure 36 shows an overlap
where all of the vertices of B are enclosed by A. Figure 37 shows an overlap defined only by
the intercepts of A and B. Figure 38 shows a more complex overlap.
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Figure 35. Point a — vertex of A enclosed by B

Coordinate transformation retains the order of the vertices of a polygon, while a projection
reverses the order. The sequence of vertices of the receiving polygons should be reversed so
it and all shadow polygons will have the same sequence.

s g —

Figure 36. Surface A totally overlaps Surface B.

A point is enclosed by a clockwise, convex polygon if the point lies to the right of all sides (or
does not lie to the left of any side) of the polygon. The intercept of two sides may not lie
beyond the ends of either side. These are "line segments"” rather than "lines". It is possible to
tell if line segments A and B intercept within their end points by noting that the ends of A must
lie on both sides of B, and the ends of B must lie on both sides of A. This should be done
before the intercept is calculated.
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Figure 37. Figure formed from Intercept Overlaps between A and B

Once the vertices are determined, they must be sorted into clockwiseorder for the area to be
computed. Given a closed, planar polygon of n sequential vertices (x4, y1), (X2, Y2) ..., (Xn,
Y,), its area is given:

Area =%Z:(xiy[+1 - X)) (121)
i=1

where (Xn+1,Yn+1)= (X1, Y1)
The area is positive if the vertices are counter-clockwise and negative if they are clockwise.

Figure 38. Complex overlapping condition

If two shadows overlap the receiving surface, they may also overlap each other as in Figure
39. The vertices of this overlap can be computed. The areas of all overlaps can be
computed. The total sunlit area can be expressed as the sum of all polygon areas given a
proper sign on each of the areas.

9/30/04

77



SKY AND SOLAR/SHADING CALCULATIONS SHADING MODULE

The following convention was adopted:
Table 18. Surface / Area Characteristic / Convention

Surface Characteristic Area Convention
receiving surface positive (A)
overlap between shadow and receiving negative (B & C)
overlap between two shadows positive (D)

and so on through multiple overlaps where the sign of the overlap area is the product of the
signs of the overlapping areas.

™

p =)
g

ZANDDKY
N\

Figure 39. Multiple Shadow Overlaps

Partially transparent shadowing surfaces can also be modeled by giving a transparency (t) to
every shadowing polygon. Let t of the receiving polygon be one. Then the t of every overlap
of polygons i and jis the product of t;and t; The shaded area is then computed by summing
Aie(1 - ;) for all overlap polygons.

It is easy to determine the sunlit area of a window once all the shadow and overlap vertices
on the wall have been computed. Consider wall 2 of Figure 30. First, the wall is considered a
simple rectangle and the window on it is ignored. The shadow overlapping is performed and
the sunlit portion of the gross wall area is computed. Then the window rectangle is
overlapped with the shadow to determine its sunlit area. The sunlit area of the window is
subtracted from the gross wall sunlit area to determine the net wall sunlit area. During this
calculation it is not necessary to recompute the shadows, because they were precisely
determined on the wall.

Solar Gains

The total solar gain on any exterior surface is a combination of the absorption of direct and
diffuse solar radiation given by
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1,+c0580-S,

=
O S+1F +1,F,

(122)

where

a =solar absorptance of the surface

A =angle of incidence of the sun's rays

S =area of the surface

Ss = sunlit area

I, =intensity of beam (direct) radiation

Is =intensity of sky diffuse radiation

Ig =intensity of ground reflected diffuse radiation

Fss = angle factor between the surface and the sky

Fsq = angle factor between the surface and the ground
For the surface of a building located on a featureless plain

_1+cosg

123
s > (123)

and

1—cos
F —1zcosg (124)
sg 2
If the surface is shaded the program modifies F, by a correction factor that takes into
account the radiance distribution of the sky (see “Shadowing of Sky Diffuse Solar Radiation”).

Shading of ground diffuse solar radiation is not calculated by the program. It is up to the user
to estimate the effect of this shading and modify the input value of F, accordingly.

Solar Distribution

As discussed in the Input Output Reference (Object:Building), the solar distribution field value
determines how EnergyPlus will treat beam solar radiation entering a zone through exterior
windows. There are three choices: MinimalShadowing, FullExterior and
FullinteriorAndExterior.

MinimalShadowing

In this case, there is no exterior shadowing except from window and door reveals. All beam
solar radiation entering the zone is assumed to fall on the floor, where it is absorbed
according to the floor's solar absorptance. Any reflected by the floor is added to the
transmitted diffuse radiation, which is assumed to be uniformly distributed on all interior
surfaces. If no floor is present in the zone, the incident beam solar radiation is absorbed on
all interior surfaces according to their absorptances. The zone heat balance is then applied
at each surface and on the zone's air with the absorbed radiation being treated as a flux on
the surface.

FullExterior

In this case, shadow patterns on exterior surfaces caused by detached shading, wings,
overhangs, and exterior surfaces of all zones are computed. As for MinimalShadowing,
shadowing by window and door reveals is also calculated. Beam solar radiation entering the
zone is treated as for MinimalShadowing.
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FullExteriorWith Reflections

This case is the same interior distribution as the preceding option but uses exterior reflections
as well (see Solar Radiation Reflected from Exterior Surfaces for further explanation).

FullinteriorAndEXxterior

This is the same as FullExterior except that instead of assuming all transmitted beam solar
falls on the floor the program calculates the amount of beam radiation falling on each surface
in the zone, including floor, walls and windows, by projecting the sun's rays through the
exterior windows, taking into account the effect of exterior shadowing surfaces and window
shading devices.

If this option is used, you should be sure that the surfaces of the zone totally enclose a
space. This can be determined by viewing the eplusout.dxf file with a program like
AutoDesk’s Volo View Express. You should also be sure that the zone is convex. Examples
of convex and non-convex zones are shown in Figure 40. The most common non-convex
zone is an L-shaped zone. (A formal definition of convex is that any straight line passing
through the zone intercepts at most two surfaces.) If the zone’s surfaces do not enclose a
space or if the zone is not convex you should use Solar Distribution = FullExterior instead of
FullinteriorAndExterior.

If you use FullinteriorAndExterior the program will calculate how much beam radiation
falling on an interior window is absorbed by the window, how much is reflected back into the
zone, and how much is transmitted into the adjacent zone. (Interior windows are assumed to
have no shading device). Note, however, that daylighting through interior windows is not
calculated.

If you use FullinteriorAndExterior the program will also calculate how much beam radiation
falling on the inside of an exterior window (from other windows in the zone) is absorbed by
the window, how much is reflected back into the zone, and how much is transmitted to the
outside. In this calculation the effect of an interior or exterior shading device, if present, is
accounted for.

FulinteriorAndIExteriorWith Reflections

This case is the same interior distribution as the preceding option but uses exterior reflections
as well (see Solar Radiation Reflected from Exterior Surfaces for further explanation).

0

Convex Fones Mon-Conv ex zones

Figure 40. lllustration of Convex and Non-convex Zones

Details of the Interior Solar Distribution Calculation

EnergyPlus calculates the distribution of short-wave radiation in the interior of each thermal
zone. This radiation consists of beam solar radiation, diffuse solar radiation, and short-wave
radiation from electric lights. The program determines the amount of this radiation that is (1)
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absorbed on the inside face of opaque surfaces, (2) absorbed in the glass and shading
device layers of the zone’s exterior and interior windows, (3) transmitted through the zone’s
interior windows to adjacent zones, and (4) transmitted back out of the exterior windows. The
effects of movable shading devices on the exterior windows are taken into account.? Most of
this calculation is done in subroutine CalcInteriorSolarDistribution in the SolarShading
module.

Interior Solar Radiation Absorbed by Opaque Surfaces

The short-wave radiation absorbed on the inside face of an opaque surface (floor, wall or
ceiling) is given by

ORadSWinAbs(SurfNum) = QS(ZoneNum) * AbsintSurf (SurfNum) +

125
AISurf (SurfNum) * BeamSolarRad [W/m®] (129)

where
SurfNum = surface number
ZoneNum = number of zone that surface belongs to
OS(ZoneNum) = short-wave diffuse irradiance in the zone [W/m?]
AbsIntSurf(SurfNum) = inside solar absorptance of the surface
AISurf(SurfNum) = inside beam solar irradiance factor for the surface [-]
BeamSolarRad = outside beam normal solar irradiance [W/m?]

Interior Diffuse Radiation

OS is assumed to be uniformly distributed throughout the zone. It is calculated as follows. Let
O, be the total diffuse short-wave radiation entering the zone or originating in the zone.

Since Qs is ultimately absorbed or transmitted by zone heat transfer surfaces, summing over
these surfaces gives the following energy balance equation:

Nm./
Z OS(ZoneNum) * o, A. = Qg (ZoneNum)
i=1
where
i = zone surface number counter
Nsur = number of heat transfer surfaces in zone
A;= surface area [m?]

a,= inside solar absorptance for an opaque surface, or, for a window, = back diffuse

transmittance plus back diffuse system absorptance of glass layers and shading device
layers (if present)

Solving this equation for OS gives:

OS(ZoneNum) = NQ_/SW (ZoneNum) = Qg (ZoneNum) * VMULT (ZoneNum) (126)
z AbsInsSurf, A,
i=1
where

% The program does not allow shading devices on interior windows.
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VMULT (ZoneNum) = 5— 1 [m™]

z AbsIntSurf, * 4,
i=1

Oy is given by

0S8,y = OD(ZoneNum) +
ZonelntGain(ZoneNum)%QLTSW +
ZonelntGain(ZoneNum)%T QLTSW [W]

where

ZonelntGain(ZoneNum)%QLTSW = short-wave radiation into zone from general (overhead)
electric lighting [W]

ZonelntGain(ZoneNum)%T QLTSW = short-wave radiation into zone from task electric
lighting [W]

OD(ZoneNum) = diffuse solar radiation entering or originating in zone [W]

OD(ZoneNum) is given by:

OD(ZoneNum) = DBZone(ZoneNum) * BeamSolarRad +
DSZone(ZoneNum) * DifSolarRad +
DGZone(ZoneNum) * GndSolarRad [W]

where
DifSolarRad = unobstructed horizontal diffuse solar irradiance from the sky [W/m?.

GndSolarRad = ground-reflected solar radiation = GndReflectance*(DifSolarRad +
BeamSolarRad*SOLCOS(3)), where GndReflectance is the ground solar reflectance and
SOLCOS(3) is cosine of the beam solar incidence angle on the ground [W/m?].
DBZone(ZoneNum) is the diffuse solar radiation originating from beam solar that passes
through the exterior windows in the zone and reflects diffusely from inside zone surfaces plus
beam solar entering the zone as diffuse radiation from windows with shading devices or
diffusing glass (all divided by BeamSolarRad) [m?]

DSZone(ZoneNum) is the sky-related diffuse solar incident on the zone’s exterior windows
and transmitted into the zone (divided by DifSolarRad). The incident diffuse solar in this case
consists of sky diffuse and, if Calculate Solar Reflection From Exterior Surfaces = Yes in the
Building object, sky diffuse reflected from exterior obstructions and the ground.
DGZone(ZoneNum) is ground-related diffuse solar radiation incident on the zone’s exterior
windows and transmitted into the zone (divided by GndSolarRad). The incident diffuse solar

in this case consists of ground diffuse solar radiation, which in turn is produced by sky diffuse
and beam solar reflecting from the ground.

DBZone(ZoneNum) is calculated as:
DBZone(ZoneNum) = BTOTZone — BABSZone [m’]

where
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BTOTZone = total beam solar incident on the zone’s exterior windows that is transmitted as
beam or diffuse.’

BABSZone = total beam solar absorbed inside the zone.

BTOTZone is given by:
N,

BTOTZone = z TBmAIl * SunlitFract, * CosInc, * Area, * InOutprojSLFracMult,
i=l1

+ Diffuse entering zone from beam reflected by window inside reveal surfaces®

+ Diffuse transmitted by windows from beam reflected by outside reveal surfaces

— Beam absorbed by window inside reveal surfaces

Here,

TBmAIl = beam-to-beam plus beam-to-diffuse transmittance of window

SunlitFract = fraction of window irradiated by sun

CoslInc = cosine of solar incidence angle on window

Area = glazed area of window [m?]

InOutProjSLFracMult = shadowing factor due to inside and outside projections of window
frame and/or divider (= 1.0 if there is no frame or divider).

BABSZone is given by the following sum (see Figure 41):
BABSZone = Beam absorbed by opaque inside surfaces®
+ Beam transmitted through the zone’s interior windows +
+ Beam transmitted back out of the zone’s exterior windows +
+ Beam absorbed by the zone’s exterior and interior windows +
+ Beam absorbed by inside daylighting shelves

® For beam incident on an exterior window we have the following: For transparent glass with no shade or blind there is only
beam-to-beam transmission. For diffusing glass, or if a window shade is in place, there is only beam-to-diffuse transmission. If
a window blind is in place there is beam-to-diffuse transmission, and, depending on slat angle, solar profile angle, etc., there
can also be beam-to-beam transmission.

* See “Beam Solar Reflection from Window Reveal Surfaces.”

® If Solar Distribution = FullinteriorAndExterior in the Building object, the program calculates where beam solar from exterior
windows falls inside the zone. Otherwise, all beam solar is assumed to fall on the floor.
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Figure 41. Vertical section through a two-zone building showing where transmitted beam solar falls. Some
of the beam solar from exterior window EW is absorbed by the floor, D, interior wall, B, and interior
window, IW. Some is transmitted by IW to the adjacent zone, Z2. Aoverlap is the irradiated area of a
surface projected back onto the plane of EW. Beam reflected by D, B and IW contributes to the interior
short-wave radiation flux in Z1.

If zone ZoneNum shares interior windows with other zones, OS(ZoneNum) is modified to take
into account short-wave radiation received from the other zones through these windows:

0OS(ZoneNum) — OS(ZoneNum) +
Z FractDifShortZtoZ (OtherZoneNum, ZoneNum) *

other
zones

[OD(OtherZoneNum) + ZonelntGain(OtherZoneNum)%QLTSW +
ZonelntGain(OtherZoneNum)%T QLTSW ]

where

FractDifShortZtoZ(OtherZoneNum,ZoneNum) = “diffuse solar exchange factor” = fraction of
short-wave radiation in OtherZoneNum that is transmitted to ZoneNum. This factor is
calculated in subroutine ComputeDifSolExcZonesWIZWindows taking into account multiple
reflection between zones. For example, for two zones means that some of the radiation
transmitted from Zone1 to Zone2 is reflected back to Zone1, and some of this is in turn
reflected back to Zone2, etc.

Interior Beam Radiation
The inside beam solar irradiance factor® in (125) is given by:

N(’Xfwiﬂ
AbslniSurf (SurfNum) Z TBm, * Aoverlap,(SurfNum) * Coslnc,

where

i = exterior window number

Nuwin = number of exterior windows in zone

CoslInc; = cosine of angle of incidence of beam on exterior window i
TBm; = beam-to-beam transmittance of exterior window i at Coslnc;’

® For the purposes of the surface heat balance calculation, any beam solar radiation absorbed by a surface is assumed to be
uniformly distributed over the surface even though in reality it is likely to be concentrated in one or more discrete patches on
the surface.
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Aoverlap;(SurfNum) = beam solar irradiated area of surface SurfNum projected back onto the
plane of exterior window i (the Aoverlap’s for an exterior window sum up to the glazed area
of the window). These overlap areas (Figure 41) are determined with the EnergyPlus
shadowing routines by considering a zone’s exterior window as a “sending” surface and the
inside faces of the zone’s other surfaces as “receiving” surfaces (see “Shading Module”). The
overlap areas for a particular exterior window depend on the sun position, the geometry of
the window, the geometry of the interior surfaces, and the location of the window with respect
to the interior surfaces.

AbsIntSurf(SurfNum) = inside face solar absorptance of surface SurfNum
A(SurfNum) = area of surface SurfNum [m?]
Interior Solar Radiation Absorbed by Windows

The interior short-wave radiation absorbed by layer / (glass, shade or blind) of a window is
equal to:

0OS(ZoneNum) * al‘%ck (SurfNum) +

. o (SurfNum) Y . . X
BeamSolarRad z TBm, * Aoverlap,(SurfNum)* CosInc, [W/m~]

A(SurfNum) 5

where
a;fZ;lck = the system diffuse solar absorptance of layer / for irradiance from the back side

beam

&) e = the system beam solar absorptance of layer / for irradiance from the back side
A(SurfNum) = glazing area [m?]

Interior Solar Radiation Transmitted by Interior Windows

Interior Diffuse Radiation Transmitted by Interior Windows

The interior diffuse short-wave radiation transmitted by an interior window to the adjacent
zone is given by

OS(ZoneNum) * v (SurfNum) * A(SurfNum) [W]

where

7 (SurfNum) = diffuse transmittance of the interior window

Interior Beam Radiation Transmitted by Interior Windows

The interior beam solar radiation transmitted by an interior window to the adjacent zone is

Nexm'in
BeamSolarRad * ™" (SurfNum) Z TBm, * Aoverlap,(SurfNum)* Coslnc, [W]
i=1

beam

where 77" (SurfNum)is the beam-to-beam transmittance of the interior window at the
angle of incidence of beam solar from the exterior window on the interior window. The

7 TBm;is zero if the window has diffusing glass or a shade. 7Bm; can be > 0 if a blind is present and the slat angle, solar
profile angle, etc., are such that some beam passes between the slats.
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program does not track where this radiation falls in the adjacent zone: it is counted as diffuse
radiation in that zone. Therefore,

0OS(ZoneNum) — QS (ZoneNum) +[beam solar from adjacent zones|* VMULT (ZoneNum)

Ground Reflectances

Ground reflectance values (Ref Object: GroundReflectances) are used to calculate the
ground reflected solar amount. This fractional amount (entered monthly) is used in the
following equation:

GroundReflectedSolar=(BeamSolar e COS(SunZenithAngle)+DiffuseSolar) e GroundReflectance

Of course, the Ground Reflected Solar is never allowed to be negative. The Snow Ground
Reflectance Modifier can further modify the ground reflectance when snow is on the ground.
If the user enters 0.0 for each month, no ground reflected solar is used.

Ground Reflectances (Snow)

When snow is on the ground, ground reflectances may change. (Ref Object: Snow Ground
Reflectance Modifiers). This object allows the user to specify two values, Ground Reflected
Solar Modifier and Daylighting Reflected Solar Modifier.

Ground Reflected Solar Modifier is used to modified the basic monthly ground reflectance
when snow is on the ground (from design day input or weather data values). Values can
range from 0.0 to 1.0.

GroundReflectance , = GroundReflectance e SolarModifier,

Daylighting Reflected Solar Modifier is used to modified the basic monthly ground reflectance
when snow is on the ground (from design day input or weather data values). Values can
range from 0.0 to 1.0.

DaylightingGroundReflectance ., = GroundReflectance e DaylightingModifier

used now
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Solar Radiation Reflected from Exterior Surfaces

Beginning with EnergyPlus version 1.2, the program has an option to calculate beam and sky
solar radiation that is reflected from exterior surfaces and then strikes the building. This
calculation occurs if “withReflections” is used on the SolarDistribution option in the Building
object. For zones with detailed daylighting, these reflections are also considered in the
daylight illuminance calculations.?

The reflecting surfaces fall into three categories:

(1) Shadowing surfaces. These are surfaces like overhangs or neighboring buildings
entered with Surface:Shading:Detached:Fixed, Surface:Shading:Detached:Building, or
Surface:Shading:Attached. Examples are shown in Figure 42.

These surfaces can have diffuse and/or specular (beam-to-beam) reflectance values
that are specified with the Shading Surface Reflectance object.

(2) Exterior building surfaces. In this case one section of the building reflects solar
radiation onto another section (and vice-versa). See Figure 43.

Opaque building surfaces (walls, for example) are assumed to be diffusely reflecting.
Windows and glass doors are assumed to be specularly reflecting. The reflectance
values for opaque surfaces are calculated by the program from the Absorptance:Solar
and Absorptance:Visible values of the outer material layer of the surface’s construction.
The reflectance values for windows and glass doors are calculated by the program from
the reflectance properties of the individual glass layers that make up surface’s
construction assuming no shading device is present and taking into account inter-
reflections among the layers.

(3) The ground surface. Beam solar and sky solar reflection from the ground is calculated
even if “withReflections” is not used (the default). But in this case the ground plane is
considered unobstructed, i.e., the shadowing of the ground by the building itself or by
obstructions such as neighboring buildings is ignored. This shadowing is taken into
account only if “WithReflections” is used in the SolarDistribution field (Building Object)
(Figure 44). In this case the user-input value of ground view factor is not used.

8 A different method from that described here is used for calculating reflections from daylighting shelves (see “Daylighting
Shelves”).
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Solar Reflection from Obstructions {é} Beam
{CC/?? Sky diffuse
Beam \\\
/ﬂ N /ﬂ
_/ <L ] Beam

(a) (b) (c)
Figure 42. Examples of solar reflection from shadowing surfaces in the Surface:Shading series.

Solid arrows are beam solar radiation; dashed arrows are diffuse solar radiation. (a) Diffuse reflection of
beam solar radiation from the top of an overhang. (b) Diffuse reflection of sky solar radiation from the top
of an overhang. (c) Beam-to-beam (specular) reflection from the fagade of an adjacent highly-glazed
building represented by a vertical shadowing surface.

Figure 43. Solar reflection from building surfaces onto other building surfaces.

In this example beam solar reflects from a vertical section of the building onto a roof section. The
reflection from the window is specular. The reflection from the wall is diffuse.
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e

Beam Beam

>nd\ \\ Ground
A <—B C

Figure 44. Shadowing by the building itself affects beam solar reflection from the ground.

|

/I

Beam-to-diffuse reflection from the ground onto the building occurs only for sunlit areas, A and C, not for
shaded area, B. Shadowing by the building also affects sky solar reflection from ground (not shown).

Diffuse Reflection of Beam Solar and Sky Solar Radiation

A ray-tracing method is used to calculate beam solar and sky solar radiation that is diffusely
reflected onto each of a building’s exterior surfaces (walls, roofs, windows and doors), called
here “receiving surfaces.” The calculation begins by generating a set of rays proceeding into
the outward hemisphere at each receiving point on a receiving surface. Then it determinines
whether each ray hits the sky, ground or an obstruction. The radiance at the hit point from
reflection of incident beam or sky solar is determined and the contribution of this radiance to
the receiving surface is calculated, added to the contribution from other hit points, and
averaged over the receiving points. Separate calculations are done for beam-to-diffuse and
sky solar reflection from all obstructions and beam-to-diffuse and sky solar reflection from the
ground. (For beam-to-beam reflection see “Beam Solar Radiation Specularly Reflected from
Obstructions,” below.)

Receiving points

An N-sided surface is assigned NN receiving points with the following coordinates, expressed
in terms of the surface vertex coordinates:

N
P=>auw, i=13 j=13
k=1

where

P thh coordinate of the i receiving point
Vij = jth coordinate of the k™ surface vertex
If N=3: ai;=3/5if k = i; = 1/5 otherwise

IfN>3: a= N+l ifk=1i; = L otherwise
2N 2N

For example, for a vertical 3m by 5m rectangle with vertices (0,0,3), (0,0,0), (5,0,0) and
(5,0,3), this expression gives receiving points at (1.25,0,2.25), (1.25,0,0.75), (3.75,0,0.75)
and (3.75,0,2.25), as shown in Figure 45.
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5m

— s
\> Receiving points for
3m % reflected solar radiation
[ ] [ ]

Exterior heat transfer surface

Figure 45. Vertical rectangular exterior heat transfer surface showing location of receiving points for
calculating incident solar radiation reflected from obstructions.

Rays

A total of 90 rays are sent out into the exterior hemisphere surrounding each receiving point.

An upgoing ray may hit an obstruction or the sky. A downgoing ray may hit an obstruction or

the ground. See Figure 46.

In subroutine InitSolReflRecSurf, the following is determined for each ray, i, :
e Unit vector in direction of ray

o Cosine of angle between ray and plane of receiving surface (cos ;)

e Element of solid angle associated with ray (d€2; )

e If the ray hits one or more obstructions, the coordinates of the hit point on the
obstruction nearest the receiving point

o For the surface containing the hit point: the surface number, the solar reflectance
( P,4,:if @n obstruction), and the surface unit vector at the hit point pointing into the
hemisphere containing the receiving point

e If the ray is downgoing and hits the ground, the coordinates of the ground hit point

¢ Distance from receiving point to hit point
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Figure 46.

14 15

Rays from the
receiving point

Obstruction

Receiving surface

(window)

\ One of the
window’s

receiving points

Ground plane

6 5 4321

Two-dimensional schematic showing rays going outward from a point on a receiving surface.
Rays 1-6 hit the ground, rays 7-11 hit an obstruction, and rays 12-15 hit the sky.

Sky Solar Radiation Diffusely Reflected from Obstructions

The factor for reflection of sky radiation from obstructions onto a receiving surface is
calculated in subroutine CalcSkySolDiffuseReflFactors. It is given by:

ReflFacSkySolObs(RecSurfNum) =

rec _ray

1 Ry
N z Z Hit, ViewFacSky,,, ;DifShdgRatiolsoSky,,, .p,,.; cosa, | &
re 1 =l

C

where
RecSurfNum is the receiving surface number,

N,,.is the number of receiving points,
N, is the number of rays,

“obs,i” denotes the obstruction hit by ray i,
Hit,ps; = 1 if ray i hits an obstruction, = 0 otherwise,

ViewFacSky s, = unobstructed sky view factor of the obstruction = (1 + costilt,, )/2,

DifShdgRatiolsoSky ops,; =
(obstructed sky irradiance on obstruction)/(unobstructed sky irradiance on obstruction)

In this equation the product ViewFacSky *DifShdgRatiolsoSky is the sky irradiance at the hit
point divided by the horizontal sky irradiance taking into account shadowing of sky diffuse
radiation on the obstruction by other obstructions, and assuming that the radiance of the sky
is uniform. Note that we ignore secondary reflections here and in the following sections. In
the present case this means that the irradiance at the hit point due to reflection of sky
radiation from the ground or from other obstructions is not considered.

The above reflection factor is used in the timestep calculation to find the irradiance on a
receiving surface due to sky radiation reflected from obstructions:
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QRadSWOutIncSkyDiffReflObs(RecSurfNum) =
DifSolarRad * ReflFacSkySolObs(RecSurfNum) (W/m?)

wher% DifSolarRad is the horizontal sky irradiance on an unobstructed horizontal plane
(W/m"®).

Sky Solar Radiation Diffusely Reflected from the Ground

If a downgoing ray from a receiving point hits the ground (for example, rays 1-6 in Figure 46),
the program calculates the radiance at the ground hit point due to sky diffuse solar reaching
that point. To do this, rays are sent upward from the ground hit point and it is determined
which of these rays are unobstructed and so go to the sky (for example, rays 6-10 in Figure
47). For this calculation it is assumed that the radiance of the sky is uniform.

Rays from the

. round hit point
7 .|8 i9 g, p
Ny T o
\ \ : Il ;
: 5\ v o4/
struction \ i
Obstruct CoN N
\ \ \ ! !
N
4 \\\ N ! ! /11 -
NON N Receiving surface
Y \ \ \ \ / .
N | Y 12 (WIndO\fN)h
Soo NN ! One of the
N NN Yy,
2 \\\\:\\\\\‘:”:',///',’ 14 window’s
Sol S AL .. .
T----Tooa\wZ- 15 receiving points
Ground plane =2 -
\ One of the
ground hit
points

Figure 47. Two-dimensional schematic showing rays going upward from a ground hit point.

The factor for reflection of sky radiation from the ground onto a receiving surface is calculated
in subroutine CalcSkySolDiffuseReflFactors. It is given by:

ReflFacSkySolGnd(RecSurfNum) =

Noo N N,
1

rec *ray

z Z (Hit,,, ,dQ, cosa; / ﬂ)z Hit,, ., cosa

e dQ
Nrec 1 =l J(@)

@) 1 7

where
j(i) denotes an upgoing ray from the ground point hit by ray i from the receiving point,
Hity,, jq) = 1 if ray j(i) hits the sky, = 0 otherwise,

a,; is the angle of incidence of ray j (i) with respect to the ground plane,
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de(l’)

This factor is used in the timestep calculation to find the irradiance on a receiving surface due
to sky radiation reflected from the ground:

is the solid angle element associated with ray (i) .

QRadSWOutlIncSkyDiffRefIGnd(RecSurfNum) =
DifSolarRad * pgnd* ReflFacSkySolGnd(RecSurfNum)  (W/m?)

where p,,, is the solar reflectance of the ground, which is assumed to be uniform over the
ground plane but may vary monthly (because of snow cover, for example).

Beam Solar Radiation Diffusely Reflected from Obstructions

This calculation is similar to that for sky solar reflected from obstructions. However, to find the
radiance at a hit point on an obstruction a line is drawn from the hit point to center of the sun.
From this line it is determined (1) if there is an obstruction between the hit point and the sun,
in which case it is assumed that no beam solar reaches the hit point; and (2) if beam solar
does reach the hit point, what the the solar angle of incidence at that point is.

The calculation is done for the hourly sun positions on each of the design days. It is also
done for hourly sun positions on selected days during the weather file run period (the same
days for which the shadowing calculations are done).

The factor for diffuse reflection of beam solar radiation from obstructions onto a receiving
surface is calculated in subroutine CalcBeamSolDiffuseReflFactors. It is given by:

ReflFacBmToDiffSolObs(RecSurfNum,IHr) =

1 Neeg Moy

N Z Z Hltobs,iHltobs,i,sunin cos ai pobs,i cos a‘
F 1 =l

ec

sun ,obs i

where

[Hr = hour number

Hit, .= 1if ray i from the receiving point hits an obstruction, = 0 otherwise,
Hit,,; ., = 1if the line from ray i’s hit point to the sun is unobstructed, = 0 otherwise,
a is the angle of incidence of the sun on the obstruction.

sun,obs i

This factor is used in the timestep calculation to find the diffuse irradiance on a receiving
surface due to beam solar diffusely reflected from obstructions:

QRadSWOutiIncBmToDi ffReflObs(RecSurfNum) = BeamSolarRad *
(WeightNow * ReflFacBmToDiffSolObs(RecSurfNum,HourOfDay) +
WeightPreviousHour * ReflFacBmToDiffSolObs(RecSurfNum,PreviousHour))

where BeamSolarRad is the timestep value of beam normal solar intensity (W/m2), and
WeightNow and WeightPreviousHour are time-averaging factors.

Beam Solar Radiation Diffusely Reflected from the Ground

This calculation is the same as that for beam solar diffusely reflected from obstructions
except that only rays from a receiving point that hit the ground are considered. The factor for
diffuse reflection of beam solar from the ground onto a receiving surface is calculated in
subroutine CalcBeamSolDiffuseReflFactors. It is given by:
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ReflFacBmToDiffSolGnd(RecSurfNum,IHr) =
1 Nyoe Nray

N z Z Hltgnd S Hl tgnd J,sun dQl COs agnd i Cos asun,gnd

rec 1 =l

where
Hit

andi= 1 if ray i hits the ground, = 0 otherwise,

Hit,,; ; .., = 1if the line from ray #’s hit point ot the sun is unobstructed, = 0 otherwise,
Xy gna = @ngle of incidence of sun on ground (= solar zenith angle).

This factor is used in the timestep calculation to find the diffuse irradiance on a receiving
surface due to beam solar diffusely reflected from the ground:

QRadSWOutIncBmToDiffRefFlIGnd(RecSurfNum) = BeamSolarRad * /1md*

(WeightNow * ReflFacBmToDiffSolGnd(RecSurfNum,HourOfDay) +
WeightPreviousHour * ReflFacBmToDiffSolGnd(RecSurfNum,PreviousHour))

Beam Solar Radiation Specularly Reflected from Obstructions
Figure 48 shows schematically how specular (beam-to-beam) reflection from an obstruction
is calculated. °

Mirror image of
sun about EF

¢ 5 .
¥ Receiving
! surface
Specularly ii D
reflecting S \Receiving
obstruction point

F

Figure 48. Two-dimensional schematic showing specular reflection from an obstruction such as the
glazed fagade of a neighboring building. The receiving point receives specularly reflected beam solar
radiation if (1) DB passes through specularly reflecting surface EF, (2) CD does not hit any obstructions
(such as RS), and (3) AC does not hit any obstructions (such as PQ).

The calculation procedure is as follows:
1. Select receiving point D on receiving surface JK.

®The ground surface is assumed to be diffusely reflecting so there is no specular reflection from the ground. The program
could be improved by adding a ground surface specular component, which could be important for snow-cover conditions.
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2. Select specularly reflecting surface EF.

Find the mirror image, B, of the sun with respect to the plane of EF and construct ray
DB.

Check if DB passes through EF; if yes, find intersection point C and construct ray CD.
Check if CD is obstructed.

If no, construct ray AC and check if it is obstructed.

If no, find reflected beam irradiance (W/m2) atD:

w

N o ok

I, = BeamSolarRad * p,,,. (o) cos a,,

where

a = angle of incidence of beam solar at point C of the obstruction,
P (@) = reflectance of obstruction as a function of the angle of incidence,

a,, = angle of incidence of ray CD on JK.

The factor for specular reflection of beam solar from obstruction onto a receiving surface is
calculated in subroutine CalcBeamSolSpecularReflFactors. It is given by:

ReflFacBmToBmSolObs(RecSurfNum,IHr) =

1 N,oe
z N Z fC,glazed pspec (aC ) COS CZD :|
1

specularly rec
reflecting
surfaces

The program assumes that specular reflection from a surface is due to glazing. If the
reflecting surface is a window belonging to the building itself (as in Figure 43), then fcjg,md is

the fraction of the window that is glazed (which is 1.0 unless the window has dividers).

If the surface is a shading surface (that represents, for example, the glazed fagade of a
neigboring building) the surface reflection information is entered with the Shading Surface
Reflectance object. This object contains values for:

o Diffuse solar reflectance of the unglazed part of the shading surface
o Diffuse visible reflectance of the unglazed part of the shading surface
e Fraction of shading surface that is glazed

¢ Name of glazing construction

In this case fi. .., is “Fraction of shading surface that is glazed” and p, ,.(a.)is the front
reflectance of the indicated glazing construction as a function of beam solar incidence angle.

The above specular reflection factor is used in the timestep calculation to find the beam
irradiance on a receiving surface due to beam-beam reflection from obstructions:

QRadSWOutlncBmToBmReflObsRecSurfNum) = BeamSolarRad *
(WeightNow * ReflFacBmToBmSolObs(RecSurfNum,HourOfDay) +
WeightPreviousHour * ReflFacBmToBmSolObs(RecSurfNum,PreviousHour))
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Daylighting and Window Calculations

Daylighting Calculations

The EnergyPlus daylighting model, in conjunction with the thermal analysis, determines the
energy impact of daylighting strategies based on analysis of daylight availability, site
conditions, window management in response to solar gain and glare, and various lighting
control strategies.

The daylighting calculation has three main steps:

(1) Daylight factors, which are ratios of interior illuminance or luminance to exterior horizontal
illuminance, are calculated and stored. The user specifies the coordinates of one or two
reference points in each daylit zone. EnergyPlus then integrates over the area of each
exterior window in the zone to obtain the contribution of direct light from the window to
the illuminance at the reference points, and the contribution of light that reflects from the
walls, floor and ceiling before reaching the reference points. Window luminance and
window background luminance, which are used to determine glare, are also calculated.
Taken into account are such factors as sky luminance distribution, window size and
orientation, glazing transmittance, inside surface reflectances, sun control devices such
as movable window shades, and external obstructions. Dividing daylight illuminance or
luminance by exterior illuminance yields daylight factors. These factors are calculated for
the hourly sun positions on sun-paths for representative days of the run period.

(2) A daylighting calculation is performed each heat-balance time step when the sun is up. In
this calculation the illuminance at the reference points in each zone is found by
interpolating the stored daylight factors using the current time step’s sun position and sky
condition, then multiplying by the exterior horizontal illuminance. If glare control has been
specified, the program will automatically deploy window shading, if available, to decrease
glare below a specified comfort level. A similar option uses window shades to
automatically control solar gain.

(3) The electric lighting control system is simulated to determine the lighting energy needed
to make up the difference between the daylighting illuminance level and the design
illuminance. Finally, the zone lighting electric reduction factor is passed to the thermal
calculation, which uses this factor to reduce the heat gain from lights.

The EnergyPlus daylighting calculation is derived from the daylighting calculation in DOE-
2.1E, which is described in [Winkelmann, 1983] and [Winkelmann and Selkowitz, 1985].
There are two major differences between the two implementations: (1) In EnergyPlus daylight
factors are calculated for four different sky types—clear, clear turbid, intermediate, and
overcast; in DOE-2 only two sky types are used—clear and overcast. (2) In EnergyPlus the
clear-sky daylight factors are calculated for hourly sun-path sun positions several times a
year whereas in DOE-2 these daylight factors are calculated for a set of 20 sun positions that
span the annual range of sun positions for a given geographical location.

Daylight Factor Calculation

Table 19. Variables in Daylighting Calculations

Mathematical Description Units FORTRAN variable
variable
Enh,sky Exterior horizontal lux GILSK
illuminance due to light from
the sky
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Ensun Exterior horizontal lux GILSU
illuminance due to light from
the sun
sky, dsun Interior illuminance factor due - DFACSK, DFACSU
to sky, sun related light
Wiky, Wsun Window luminance factor due cd/Im SFACSK, SFACSU
to sky, sun related light
Bsky, Dsun Window background cd/Im BFACSK, BFACSU
luminance factor due to sky,
sun related light
N Number of exterior windows - NWD
in a zone
Osky, Psky Azimuth and altitude angles radians THSKY, PHSKY
of a point in the sky
Wes Clear sky luminance cdim® |-
distribution
Wis Clear turbid sky luminance cd/m? -
distribution
Wis Intermediate sky luminance cd/m? -
distribution
Wos Overcast sky luminance cd/m? -
distribution
Psun Altitude angle of the sun radians or | PHSUN
degrees
Y Angle between point in the radians G
sky and the sun; or angle
between vertical and ray from
reference point to window
element
L, Sky zenith luminance cd/m? ZENL
m Optical air mass of the m AM
atmosphere
h Building altitude m Elevation
En Exterior horizontal lux -
illuminance for sky type k
Ne, No Number of azimuth, altitude NTH, NPH
steps for sky integration
R Vector from zone origin to m RREF
ref reference point
R Vector from zone origin to m RWIN
win window element
dQ Solid angle subtended by steradians | DOMEGA
window element
Lw Luminance of a window cd/m? WLUMSK, WLUMSU
element as seen from
reference point
Lw,shade Luminance of window cd/m? WLUMSK, WLUMSU

element with shade in place
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dEn Horizontal illuminance at lux -
reference point from window
element
dx, dy Size of window element m DWX, DWY
D Distance from reference point m DIS
to window element
B Angle between window radians -
element’s outward normal
and ray from reference point
to window element
R Unit vector from reference - RAY
ray point to window element
” Unit vector normal to window - WNORM
" element, pointing away from
zone
W, Unit vector along window y- - w21
2! axis
W, Unit vector along window x- - w23
2 axis
Tvis Glass visible transmittance - TVISB
L Luminance of sky or cd/m? ELUM, -
obstruction
Drwy Downgoing luminous flux Im FLFW--
from a window
Deow Upgoing luminous flux from a Im FLCW--
window
F1 First-reflected flux Im -
Prw Area-weighted reflectance of - SurfaceWindow%RhoFloor
floor and upper part of walls Wall
Pcw Area-weighted reflectance of - SurfaceWindow%RhoCeilin
ceiling and upper part of walls gWall
E: Average internally-reflected lux EINTSK, EINTSU
illuminance
A Total inside surface area of a m? ATOT
zone
p Area-weighted average - ZoneDaylight%AveVisDiffR
reflectance of zone interior eflect
surfaces
8, ¢ Azimuth and altitude angle of radians TH, PH
a sky or ground element
L(6,9) Luminance of sky or ground cd/m? HitPointLum--
element at (8,9)
Aw Area of glazed part of window m? Surface%Area
B Angle of incidence, at center radians | -
of window, of light from a sky
or ground element
T(B) Glazing visible transmittance TVISBR

at incidence angle
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dq)inc

Luminous flux incident on
window from sky or ground
element

do

Luminous flux from sky or
ground element transmitted
through window

d®rw, dDcw

Luminous flux from sky or
ground element transmitted
through window and goind
downwar, upward

emin, emax

Azimuth angle integration
limits

radians

THMIN, THMAX

Pw

Window normal altitude angle

radians

(Dsh, (Dunsh,

Transmitted flux through
window with shade, without
shade

Im

Dew,sh, Prw,sh

Upgoing and downgoing
portions of transmitted flux
through window with shade

cDCW,unsh, q)FW,unsh

Upgoing and downgoing
portions of transmitted flux
through window without
shade

Fraction of hemisphere seen
by the inside of window that
lies above the window
midplane

SurfaceWindow%FractionU
pgoing

q)inc

Flux incident on glazing from
direct sun

fsunlit

Fraction of glazing that is
sunlit

SunLitFrac

O]

Transmitted flux from direct
sun

Lsh

Luminance of window with
shade

cd/m?

Lv

Window background
luminance

cd/m?

BLUM

G

Discomfort glare constant

GTOT

Gi

Discomfort glare constant
from window i

Solid angle subtended by
window with respect to
reference point

steradians

SolidAngAtRefPt

Solid angle subtended by
window with respect to
reference point, modified to
take direction of occupant
view into account

steradians

SolidAngAtRefPtWtd
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Nx, Ny Number of elements in x and - NWX, NWY
y direction that window is
divided into for glare
calculation

P(XR, YR) Position factor for horizontal - DayltgGlarePositionFactor
and vertical displacement
ratios xg and yr

PH Hopkinson position factor - DayltgGlarePositionFactor
Lo Window background cd/m® | BLUM
luminance
Eb llluminance on window Im -
background
Er Total internally-reflected Im -
component of daylight
illuminance
Es llluminance setpoint Im lllumSetPoint
G Glare index - GLINDX
Overview

There are three types of daylight factors: interior illuminance factors, window luminance
factors, and window background luminance factors. To calculate these factors the following
steps are carried out for each hourly sun position on the sun paths for the design days and
for representative days10 during the simulation run period:

(1) Calculate exterior horizontal daylight illuminance from sky and sun for standard (CIE)
clear and overcast skies.

(2) Calculate interior illuminance, window luminance and window background luminance for
each window/reference-point combination, for bare and for shaded window conditions (if
a shading device has been specified), for overcast sky and for standard clear sky.

(3) Divide by exterior horizontal illuminance to obtain daylight factors.
Interior llluminance Components

To calculate daylight factors, daylight incident on a window is separated into two
components: (1) light that originates from the sky and reaches the window directly or by
reflection from exterior surfaces; and (2) light that originates from the sun and reaches the
window directly or by reflection from exterior surfaces. Light from the window reaches the
workplane directly or via reflection from the interior surfaces of the room.

For fixed sun position, sky condition (clear or overcast) and room geometry, the sky-related
interior daylight will be proportional to the exterior horizontal illuminance, Ej, s, due to light
from the sky. Similarly, the sun-related interior daylight will be proportional to the exterior
horizontal solar illuminance, £}, .

Daylight Factors

The following daylight factors are calculated:

_ Illuminance at reference point due to sky-related light

" Eh,sky

d

'° The sun positions for which the daylight factors are calculated are the same as those for which the solar shadowing
calculations are done.
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_ Illuminance at reference point due to sun-related light
sun E

h,sun

d

_ Average window luminance due to sky-related light

" Eh ,sky

_ Average window luminance due to sun-related light
E

sun
h,sun

_ Window background luminance due to sky-related light

b,

sky
Eh,slg/

_ Window background luminance due to sun-related light
E

h,sun

b

sun

For a daylit zone with N windows these six daylight factors are calculated for each of the

following combinations of reference point, window, sky-condition/sun-position and shading
device:

[ Clear sky, first sun-up hour
Clear/turbid sky, first sun-up hour
Intermediate sky, first sun-up hour

Window #1 || Overcast sky, first sun-up hour
Ref. pt. #1 || Window #2
[Ref. pt. #2}

Unshaded window
Shaded window

Clear sky, last sun-up hour . .
(if shade assigned)

Window #N || Clear/turbid sky, last sun-up hour
Intermediate sky, last sun-up hour

Overcast sky, last sun-up hour

Sky Luminance Distributions

The luminance distribution of the sky is represented as a superposition of four standard CIE
skies using the approach described in [Perez et al., 1990]. The standard skies are as follows.

Clear Sky
The clear sky luminance distribution has the form [Kittler, 1965; CIE, 1973]

(0.91+10e—3y +0.45 0082 y)(l_e70.32(:osec¢sky)

T
3

l//cs (e_gky b ¢_3ky) = Lz

0.27385(0.91+10¢ 2 "™ +0.45sin’ ¢, )
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Here, L. is the zenith luminance (i.e., the luminance of the sky at a point directly overhead).
In the calculation of daylight factors, which are ratios of interior and exterior illumination
quantities that are both proportional to L., the zenith luminance cancels out. For this reason
we will use L, = 1.0 for all sky luminance distributions.

The various angles, which are defined in the building coordinate system, are shown in Figure
49. The angle, y, between sun and sky element is given by

7 =cos ' [sin Py, SIng,,, +cosg, cosg,, cos(@, -0, )]

sun

The general characteristics of the clear-sky luminance distribution are a large peak near the
sun; a minimum at a point on the other side of the zenith from the sun, in the vertical plane
containing the sun; and an increase in luminance as the horizon is approached.

Clear Turbid Sky
The clear turbid sky luminance distribution has the form [Matsuura, 1987]

(0.856+16¢™ +0.3cos” y)(1—e >

l//ts(esky’¢sky):l’z p3
=35 Pan) .2
0.27385(0.856+10e 2 = +0.3sin" ¢, )

Intermediate Sky

The intermediate sky luminance distribution has the form [Matsuura, 1987]
l//is (esky > ¢sky ) = LZZIZZ /(Z3Z4)
where

Z, =[1.35(sin(3.594,,, —0.009) + 2.31)sin(2.6¢,,, + 0.316) + ¢, +4.799 |/ 2.326

Z, = exp| ~0.563y{(4,,, —0.008)(4,, +1.059)+0.812} |

Z, =0.992245in(2.6¢

sun

+0.316)+2.73852

Z, =exp| —0.563(2 - ¢,,,){2.6298(¢,,, —0.008) +0.812} |
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Sun

Sky element

Ybuilding

-
-
-

>
Xbuilding

Figure 49. Angles appearing in the expression for the clear-sky luminance distribution.

Overcast Sky
The overcast sky luminance distribution has the form [Moon & Spencer, 1942]

1+ 2sin ¢Sk}

Vorfip) = L. ——

Unlike the clear sky case, the overcast sky distribution does not depend on the solar azimuth
or the sky azimuth. Note that at fixed solar altitude the zenith (¢Sky =m/2)is three times

brighter than the horizon (&, =0).

Direct Normal Solar llluminance

For purposes of calculating daylight factors associated with beam solar illuminance, the direct
normal solar illuminance is taken to be 1.0 W/m®. The actual direct normal solar illuminance,
determined from direct normal solar irradiance from the weather file and empirically-
determined luminious efficacy, is used in the time-step calculation.

Exterior Horizontal llluminance

The illuminance on an unobstructed horizontal plane due to diffuse radiation from the sky is
calculated for each of the four sky types by integrating over the appropriate sky luminance
distribution:

2 7wl2

Eh,k = .[ I !//k (esky ° ¢sky ) Sin ¢sky Cos ¢skydgskyd¢slg)
0 0
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where k = cs, ts, is or 0s. The integral is evaluated as a double summation:

N,

1 (00 0,8, ())sin B, (/)03 (1)AO, Ady

NU
E, = Z
i=1

~

where

0,,()=(i-1/2)A0,,
AO,, =27/N,
A¢Sky :7z/2N¢

N, =18 and N, = 8 were found to give a 1% accuracy in the calculation of E| , .

Direct Component of Interior Daylight llluminance

The direct daylight illuminance at a reference point from a particular window is determined by
dividing the window into an x-y grid and finding the flux reaching the reference point from
each grid element. The geometry involved is shown in Figure 50. The horizontal illuminance

at the reference point, R_,, due to a window element is

ref
dE, =L dQcosy

where L,, is the luminance of the window element as seen from the reference point.
The subtended solid angle is approximated by

_dxdy

dQ e cos B (127)
where
D = ‘Ewin - Eref

CosB is found from

A A

cosB=R, W,
where
Rray = (Rwin - Rief) / D
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Reference point

W = window outward normal =W, xW,,

Equation (127) becomes exact as dx/D and dy/ D — Oand is accurate to better than
about 1% for dx < D/4 anddy < D/4.

The net illuminance from the window is obtained by summing the contributions from all the
window elements:

E,= > LdQcosy (128)

window
elements

In performing the summation, window elements that lie below the workplane (cosy <0) are
omitted since light from these elements cannot reach the workplane directly.

Wi

Window /B
/ -
element 4 N/,,

Window

Figure 50. Geometry for calculation of direct component of daylight illuminance at a reference point.
Vectors R, W1, Wy, W3 and Ry, are in the building coordinate system.

Unshaded Window
For the unshaded window case, the luminance of the window element is found by projecting
the ray from reference point to window element and determining whether it intersects the sky

or an exterior obstruction such as an overhang. If L is the corresponding luminance of the sky
or obstruction, the window luminance is
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L, =Lz, (cosB)

where 7 is the visible transmittance of the glass for incidence angle B.

Exterior obstructions are generally opaque (like fins, overhangs, neighboring buildings, and
the building’s own wall and roof surfaces) but can be transmitting (like a tree or translucent
awning). Exterior obstructions are assumed to be non-reflecting. If Ly, is the sky luminance
and 7, is the transmittance of the obstruction (assumed independent of incidence angle),
then L = Ly, 7ops. Interior obstructions are assumed to be opaque (7,5 = 0).

Shaded Window

For the window-plus-shade case the shade is assumed to be a perfect diffuser, i.e., the
luminance of the shade is independent of angle of emission of light, position on shade, and
angle of incidence of solar radiation falling on the shade. Closely-woven drapery fabric and
translucent roller shades are closer to being perfect diffusers than Venetian blinds or other
slatted devices, which usually have non-uniform luminance characteristics.

The calculation of the window luminance with the shade in place, L, s, is described in
[Winkelmann, 1983]. The illuminance contribution at the reference point from a shaded
window element is then given by Eq. (128) with L, =L, , .

Internally-Reflected Component of Interior Daylight llluminance

Daylight reaching a reference point after reflection from interior surfaces is calculated using
the split-flux method [Hopkinson et al., 1954], [Lynes, 1968]. In this method the daylight
transmitted by the window is split into two parts—a downward-going flux, @, (lumens),
which falls on the floor and portions of the walls below the imaginary horizontal plane passing
through the center of the window (window midplane), and an upward-going flux, @, , that
strikes the ceiling and portions of the walls above the window midplane. A fraction of these

fluxes is absorbed by the room surfaces. The remainder, the first-reflected flux, F, is
approximated by

F = Py + Py Pew

where pry is the area-weighted average reflectance of the floor and those parts of the walls
below the window midplane, and pcw is the area-weighted average reflectance of the ceiling
and those parts of the walls above the window midplane.

To find the final average internally-reflected illuminance, E,, on the room surfaces (which in
this method is uniform throughout the room) a flux balance is used. The total reflected flux
absorbed by the room surfaces (or lost through the windows) is AE,(1-p), where A is the

total inside surface area of the floor, walls, ceiling and windows in the room, and p is the
area-weighted average reflectance of the room surfaces, including windows. From
conservation of energy

AE,(1-p)=F,
or

_ Dy Pew + Py Pew
’ A(1-p)
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This procedure assumes that the room behaves like an integrating sphere with perfectly
diffusing interior surfaces and with no internal obstructions. It therefore works best for rooms
that are close to cubical in shape, have matte surfaces (which is usually the case), and have
no internal partitions. Deviations from these conditions, such as would be the case for rooms
whose depth measured from the window-wall is more than three times greater than ceiling
height, can lead to substantial inaccuracies in the split-flux calculation.

Transmitted Flux from Sky and Ground
The luminous flux incident on the center of the window from a luminous element of sky or

ground at angular position (8,¢), of luminance L(&,¢), and subtending a solid angle
cospddg is

do®, =A L(0,p)cos [ cospdddg
The transmitted flux is
d® =dd, T(S)

where T(f) is the window transmittance for light at incidence angle f. This transmittance
depends on whether or not the window has a shade.

For an unshaded window the total downgoing transmitted flux is obtained by integrating over
the part of the exterior hemisphere seen by the window that lies above the window midplane.
This gives

Omax 12

D sniratca = A [ | LO.P)T(B)cos ffcos pdOd (129)
0

6,

min

The upgoing flux is obtained similarly by integrating over the part of the exterior hemisphere
that lies below the window midplane:

2 0

max

Dy niaaca = Ay [ [ LOPT(B)cos B cos pdOd s (130)

Opin 7/2-4,,

‘min

where ¢w is the angle the window outward normal makes with the horizontal plane.

For a window with a diffusing shade the total transmitted flux is

Onax /2
®, =4, [ [ LOHT(B)cos fcospdbdg (131)
Onin 7/2-0,

The downgoing and upgoing portions of this flux are

q)FW,sh =O(1-f)
(DCW,sh = CDf

where £, the fraction of the hemisphere seen by the inside of the window that lies above the
window midplane, is given by
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f=05-¢ /7
For a vertical window (¢, = 0) the up- and down-going transmitted fluxes are equal:
Dy =Dy, =DP/2.
For a horizontal skylight (¢, =7 /2):
Dy = q)’q)CW,sh =0

The limits of integration of & in Egs. (129), (130) and (131) depend on ¢ . From Fig. 12 in
[Winkelmann, 1983] we have

sina =sin(4A—7x/2) _singtang,
cos ¢
which gives
A=cos ' (tangtang,)
Thus

0. = —‘cos‘1 (—tan ¢ tan ¢W)‘

m

0. = ‘cos_1 (-tangtang,)

Transmitted Flux from Direct Sun

The flux incident on the window from direct sun is
®©,,. =A,E,;cos B[
The transmitted flux is
O=T(B)D,,
where T is the net transmittance of the window glazing (plus shade, if present).
For an unshaded window all of the transmitted flux is downward since the sun always lies

above the window midplane. Therefore

q)FW,unsh = q)
q)CW,lmsh = O

For a window with a diffusing shade
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CDFW,sh = CD(l—f)
cDCW,sh = (Df

Luminance of Shaded Window

The luminance of a shaded window is determined at the same time that the transmitted flux is
calculated. It is given by

L, -+ | T L(6,$)T(B)cos B cos gdOds

Opin 7129,

min

Daylight Discomfort Glare

The discomfort glare at a reference point due to luminance contrast between a window and
the interior surfaces surrounding the window is given by [Hopkinson, 1970] and [Hopkinson,
1972]:

L1A6QOA8
T L,+0.070%L,

where
G = discomfort glare constant
L,, = average luminance of the window as seen from the reference point

Q = solid angle subtended by window, modified to take direction of occupant view into
account

L = luminance of the background area surrounding the window

By dividing the window into Ny by N, rectangular elements, as is done for calculating the
direct component of interior illuminance, we have

> LG, )

j=1 i=1

" NN,

where L,,(i,j) is the luminance of element (7,j) as seen from the reference point.
Similarly,

=

W= ia’a)(z‘, J)

i=l

~.
Il
—_

where dw(i,j) is the solid angle subtended by element (7,j) with respect to the reference
point.

The modified solid angle is

_“2

Q= Zda)(i,j)p(xR,yR)

i=l1

~.
Il
—
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where p is a “position factor” [Petherbridge & Longmore, 1954] that accounts for the decrease in visual
excitation as the luminous element moves away from the line of sight. This factor depends on the

horizontal and vertical displacement ratios, xz and yr

..,,_,.‘-v"//Window element (i,j)

R\ /?/’Rwin
ray

Reference YD

point —>

Rref ‘;view . Window
Plane normal to
view vector
containing
( window element

Figure 51), given by

1/2

A* —(YD)?

yz(i,/)=|YD/RR|
where

RR = D(Rray ’ {}view)
A* =D* —(RR)
YD=R,, (3)-R.,(3)
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| Window element (i,j)

ay ’Rwin
Rray
Reference
point —>
Ry 3 Window

view

Plane normal to
view vector
containing
window element

Figure 51. Geometry for calculation of displacement ratios used in the glare formula.

The factor p can be obtained from graphs given in [Petherbridge & Longmore, 1954] or it can

be calculated from tabulated values of py, the Hopkinson position factor [Hopkinson, 1966],

since p:pifs. The values resulting from the latter approach are given in Table 20.

Interpolation of this table is used in EnergyPlus to evaluate p at intermediate values of x and

YR
Table 20. Position factor for glare calculation

Xg: Horizontal Displacement Factor
0 0.5 1.0 15 2.0 2.5 3.0 >3.0
VR 0 1.00 0492 |0226 [0.128 [0.081 [0.061 [0.057 |0
Vertical 0.5 0.123 |0.119 |0.065 |0.043 |0.029 [0.026 |0.023 |0
Displacement | 1.0 0.019 |0.026 |0.019 |0.016 |0.014 |0.011 |0.011 |0
Factor 15 0.008 |0.008 [0.008 |0.008 |0.008 |0.006 |0.006 |0
2.0 0 0 0.003 |0.003 [0.003 |0.003 |0.003 |0
>2.0 0 0 0 0 0 0 0 0

The background luminance is
L,=Ep,

where p; is approximated by the average interior surface reflectance of the entire room and
E, =max(E,,E,)

where E, is the total internally-reflected component of daylight illuminance produced by all
the windows in the room and E; is the illuminance set point at the reference point at which
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glare is being calculated. A precise calculation of £} is not required since the glare index (see
next section) is logarithmic. A factor of two variation in E}; generally produces a change of
only 0.5 to 1.0 in the glare index.

Glare Index

The net daylight glare at a reference point due to all of the windows in a room is expressed in
terms of a glare index given by

number of
windows

G, =10log, >. G,

i=1

where G; is the glare constant at the reference point due to the i™ window

Time-Step Daylighting Calculation

Overview

A daylighting calculation is performed each time step that the sun is up for each zone that
has one or two daylighting reference points specified. The exterior horizontal illuminance from
the sun and sky is determined from solar irradiance data from the weather file. The interior
illuminance at each reference point is found for each window by interpolating the daylight
illuminance factors for the current sun position, then, for sky-related interior illuminance,
multiplying by the exterior horizontal illuminance from the appropriate sky types that time
step, and, for sun-related interior illuminance, multiplying by the exterior horizontal solar
illuminance that time step. By summation, the net illuminance and glare due to all of the
windows in a zone are found. If glare control has been specified window shading (by movable
shading devices or switchable glazing) is deployed to reduce glare. Finally the illuminance at
each reference point for the final window and shade configuration is used by the lighting
control system simulation to determine the electric lighting power required to meet the
illuminance set point at each reference point.

Table 21. Variables in Time-Step Calculations

Mathematical Description Units FORTRAN variable
variable
Snorm,dir Direct normal solar irradiance W/m? BeamSolarRad
Sh,dif Exterior diffuse horizontal W/m? SDIFH, DifSolarRad
solar irradiance
Sh,dir Exterior direct horizontal solar | W/m® | SDIRH
irradiance
z Solar zenith angle radians | Zeta
m Relative optical air mass - AirMass
A Sky brightness - SkyBrightness
3 Sky clearness - SkyClearness
k, k' Sky type index - ISky
SkK Interpolation factor for skies k - SkyWeight
and K’
Wik Sky luminance distribution cdim?® | -
formed from linear
interpolation of skies k and kK’
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fi Fraction of sky that is type k - -
Enk Horizontal illuminance from cd/m? HorllISky
sky type k
En,sky Exterior horizontal lux HISKF
illuminance from sky
Eh.sun Exterior horizontal lux HISUNF
illuminance from sun
Nif, Nair Luminous efficacy of diffuse Im/W DiffLumEff, DirLumEff
and direct solar radiation
win Interior illuminance from a lux Dayllllum
window
Swin Window luminance cd/m? SourceLumFromWinAtRefP
t
Buin Window background cd/m® | BACLUM
luminance
dsun, dsky,k Interior illuminance factor for - DaylllIFacSun, DFSUHR,
sun, for sky of type k DayllliIFacSky, DFSUHR
Wsun, Wskyk Window luminance factor for - DaylSourceFacSun,
sun, for sky of type k SFSUHR,
DaylSourceFacSky,
SFSKHR
Dsun, Dsky.k Window background - DaylBackFacSun,
luminance factor for sun, for BFSUHR, DaylBackFacSky,
sky of type k BFSKHR
W Weighting factor for time step - WeightNow
interpolation
i Reference point index - IL
is Window shade index - IS
ot Total daylight illuminance at lux Dayllllum
reference point
Buot, B Total window background cd/m® | BLUM
luminance
Iset llluminance setpoint lux ZoneDaylight%lllumSetPoin
t
fiL Fractional electric lighting - FL
output
fp Fractional electric lighting - FP
input power
NL Number of steps in a stepped - LightControlSteps
control system
Mp Lighting power multiplier - ZonePowerReductionFactor
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Time-Step Sky Luminance

The sky luminance distribution, y, for a particular time step is expressed as a linear

interpolation of two of the four standard skies — ., Wy , Wis and y,; — described above
under “Sky Luminance Distributions.” The two sky types that are interpolated depend on the
value of the sky clearness. The interpolation factors are a function of sky clearness and sky
brightness [Perez et al., 1990]. Sky clearness is given by

Sh,d{f + Snorm,dir + K'Z3

hdif
1+x2Z°

where Sh,d,f is the diffuse horizontal solar irradiance, Syqm.qir is the direct normal solar
irradiance, Z is the solar zenith angle and x is a constant equal to 1.041 for Z in radians.
Sky brightness is given by

A=S,  ..m/S"

h,dif norm,dir
where m is the relative optical air mass and S . is the extraterrestrial direct normal solar
irradiance.
Ife<1.2

l//is,os = Sis,os l//is + (1 - Sis,os )l//os

where ;s is the intermediate sky luminance distribution, s is the overcast sky luminance
distribution, and

Sy 0 = min{l,max[0,(¢—1)/0.2,(A—0.05)/ 4]}
If1.2<¢<3
Vieis = SiisWis (=8,
where ;, is the clear turbid sky luminance distribution and
S, =(e-1.2)/1.8
Ife>3
Vesss = Ses sWes (1= Ses )W
where ., is the clear sky luminance distribution and

s =min[L,(c—3)/3]

cs,ts
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Interior llluminance

For each time step the interior illuminance, I,,;,, from a window is calculated as follows by
multiplying daylight factors and exterior illuminance.

First, the sun- and sky-related daylight illuminance factors for the time step are determined by
interpolation of the hourly factors:

dsun (ZL ’ lS) = Wjdsun (ZL ’ iS 2 i]z) + (1 - Wj )dsun (lL ’ iS 2 ih + 1)

dy,  Gpoig) =widy (G ig, i)+ A=w)dy, (0,0 +1)

where i; is the reference point index (1 or 2), ig is the window shade index (1 for unshaded

window, 2 for shaded window), 7 is the hour number, and £ is the sky type index. For the j th
time step in an hour, the time-step interpolation weight is given by

w, =1-min[l, j/N,]

where N;is the number of time steps per hour.
The interior illuminance from a window is calculated as

Iwin (ZL ’ lS) = JsunEh,sun + [Jsky,k (lL ’ iS )-fk + (jsky,k' (lL ’ iS )fk' ]Eh,sky

where £, and Eh,sky are the exterior horizontal illuminance from the sun and sky,
respectively, and f; and f;- are the fraction of the exterior horizontal illuminance from the sky
that is due to sky type k and k’, respectively.
The horizontal illuminance from sun and sky are given by

E

h,sun

E, g = ndifSh,dir

= ndirSnorm,dir COs Z

where Z is the solar zenith angle, 74 is the luminous efficacy (in lumens/Watt) of diffuse

solar radiation from the sky and 7 is the luminous efficacy of direct radiation from the sun.
The efficacies are calculated from direct and global solar irradiance using a method
described in [Perez et al, 1990].)

The fractions f; and f;- are given by

£ = SewEny
=
SpaEny (I- Sk,k')Eh,k'
(=54 )E)
fi - 2%

Sk,k'Eh,k +(1- Sk,k’)Eh,k'

where Ej,; and Ej, ;- are the horizontal illuminances from skies k and k’, respectively (see
“Exterior Horizontal Luminance,” above), and sy - is the interpolation factor for skies k£ and k&’
(see “Time-Step Sky Luminance,” above). For example, if ¢ > 3, k = c¢s (clear sky), k' = ts
(clear turbid sky) and
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Spp =S =min[l, (& —3)/3]

cs,ts

Similarly, the window source luminance, S,;,, and window background luminance, B,,;,, for a
window are calculated from

Swin (lL ’ lS) = 1/_VsunE'h,sun + [W)slg/,k (lL > iS )ﬁf + W}Sky,k' (ZL ’ iS )ﬁc’ ]Eh,sky

Bwin (ZL s lS) = bsun Eh,sun + [bsky,k (lL H iS )fk + bsky,k' (ZL H iS )ﬁf' ]Eh,sky

The total illuminance at a reference point from all of the exterior windows in a zone is

Itot (lL ) = Z Iwin (lv 4 iL )

windows
in zone

where is = 1 if the window is unshaded and ig = 2 if the window is shaded that time step.
(Before the illuminance calculation is done the window shading control will have been
simulated to determine whether or not the window is shaded.)

Similarly, the total background luminance is calculated:

Btot(iL): z Bwin(l‘s’iL)

windows
in zone

Glare Index

The net glare index at each reference point is calculated as

G (i ) _ 1010g z Swin (iL’iS )1'6Q(iL )0'8
i 10 windows B(ZL)+OO7CO(ZL)OS Swin (iL’iS)

in zone

where

B(i,)=max(B,, (i), p, 1, (1))

In the last relationship, the background luminance is approximated as the larger of the
background luminance from daylight and the average background luminance that would be
produced by the electric lighting at full power if the illuminance on the room surfaces were
equal to the setpoint illuminance. In a more detailed calculation, where the luminance of each
room surface is separately determined, B(i;) would be better approximated as an area-
weighted luminance of the surfaces surrounding a window, taking into account the luminance
contribution from the electric lights.

Glare Control Logic

If glare control has been specified and the glare index at either reference point exceeds a
user-specified maximum value, G; .y, then the windows in the zone are shaded one by one

in attempt to bring the glare at both points below G7 .. (Each time a window is shaded the
glare and illuminance at each reference point is recalculated.) The following logic is used:
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(1) If there is only one reference point, shade a window if it is unshaded and shading it

decreases the glare, even if it does not decrease the glare below Gj ... Note that if a
window has already been shaded, say to control solar gain, it will be left in the shaded
state.

(2) If there are two reference points, then:

(a) If glare is too high at both points, shade the window if it decreases glare at both
points.

(b) If glare is too high only at the first point, shade the window if the glare at the first point
decreases, and the glare at the second point stays below G -

(c) If glare is too high only at the second point, shade the window if the glare at the
second point decreases, and the glare at the first point stays below G 4x.

(3) Shades are closed in the order of window input until glare at both points is below G7 4y,
or until there are no more windows left to shade.

Lighting Control System Simulation

Once the final daylight illuminance value at each reference point has been determined, the
electric lighting control is simulated. The fractional electric lighting output, /7, required to meet
the setpoint at reference point iy is given by

Iset (ZL) B [tot (ZL ) i|

f,(i,) =max {0, 1)

Here, I, is the illuminance setpoint and I, is the daylight illuminance at the reference point.
This relationship assumes that the electric lights at full power produce an illuminance equal to
I, at the reference point.

The fractional electric lighting input power, fp, corresponding to f; is then calculated. The
relationship between fp and f; depends on the lighting control type.

Continuous Dimming Control

For a continuously-dimmable control system, it is assumed that fp is constant and equal to
fp.min fOr f1<f1 min and that fp increases linearly from fp i, to 1.0 as f1 increases from f, i, to

1.0 (Figure 52). This gives
fP,min forfL < fL,min
fP = .fL +(1_.fL)fP,min _fL,min fOrf‘L,min Sﬂ Sl
1 - fL,min
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1.0 — Zero daylight

) ) illuminance
Increasing daylight
illuminance

Fractional
light output

Minimum light L usauunns
output fraction

0 1.0
Fractional input power

Minimum input power fraction

Figure 52. Control action for a continuous dimming system.

Continuous/Off Dimming Control

A “continuous/off” dimming system has the same behavior as a continuous dimming system
except that the lights switch off for £ < f1. i, rather than staying at /p,in.

Stepped Control

For a stepped control system, fp takes on discrete values depending on the range of f; and
the number of steps, N (Figure 53). This gives

0, iff,=0
fP: M’ f0r0<fL<1
L
L, iff, =1

If a lighting control probability, p;, is specified, fp is set one level higher a fraction of the time
equal to /-p;. Specifically, if fp < 1, fp > fp + 1INy if a random number between 0 and 1
exceeds p;. This can be used to simulate the uncertainty associated with manual switching of
lights.
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Step 1
1.0

Step 2

Fractional

i t
input power Step 3

Daylight illuminance

Illuminance set point

Figure 53. Stepped lighting control with three steps.

Lighting Power Reduction

Using the value of f» at each reference point and the fraction f7 of the zone controlled by the

reference point, the net lighting power multiplier, Mp, for the entire zone is calculated; this
value multiplies the lighting power output without daylighting.

M, :ZfP(iL)fZ(iL)-’_(l_Z fz(iL)j

In this expression, the term to the right in the parentheses corresponds to the fraction of the
zone not controlled by either reference point. For this fraction the electric lighting is
unaffected and the power multiplier is 1.0.
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DElight Daylighting Calculations

EnergyPlus includes the DElight method of analyzing daylighting from both simple apertures
(i.e., windows and skylights) and complex fenestration systems that include geometrically
complicated shading (e.g., roof monitors) and/or optically complicated glazings (e.g.,
prismatic or holographic glass). The DElight daylighting calculation methods are derived from
the daylighting calculations in DOE-2.1E (as are the Detailed daylighting calculations in
EnergyPlus), and Superlite, with several key modifications. The engineering documentation
included here focuses on the details of these differences from methods documented
elsewhere. For the details of the heritage calculations, refer to the section in this
documentation entitled “Daylighting Calculations” and to [Winkelmann, 1983], [Winkelmann
and Selkowitz, 1985], and [Modest, 1982].

For each point in time, DElight calculates the interior daylighting illuminance at user specified
reference points and then determines how much the electric lighting can be reduced while
still achieving a combined daylighting and electric lighting illuminance target. The daylight
illuminance level in a zone depends on many factors, including exterior light sources;
location, size, and visible light transmittance of simple and complex fenestration systems;
reflectance of interior surfaces; and location of reference points. The subsequent reduction of
electric lighting depends on daylight illuminance level, design illuminance set point, fraction of
zone controlled by reference point, and type of lighting control.

The DElight daylighting calculation has three main steps:

(4) Daylight Factor Calculation: Daylight factors, which are ratios of interior illuminance to
exterior horizontal illuminance, are pre-calculated and stored for later use. The user
spcifies the coordinates of one or more reference points in each daylit zone. DElight first
calculates the contribution of light transmitted through all simple and complex fenestration
systems in the zone to the illuminance at each reference point, and to the luminance at
subdivided nodal patches of interior surfaces, for a given exterior luminous environment
(including sky, sun, and exterior reflecting surfaces). The effect of inter-reflection of this
initial light between interior reflecting surfaces is then calculated, resulting in a final total
illuminance at each reference point. This total illuminace is then divided by the exterior
horizontal illuminance for the given exterior environment to give a daylight factor.
Daylight factors are calculated for each reference point, for a set of sun positions and sky
conditions that are representative of the building location.

(5) Time-Step Interior Daylighting Calculation: A daylighting calculation is performed for
each heat-balance time step when the sun is up. In this calculation the illuminance at the
reference points in each zone is found by interpolating the stored daylight factors using
the current time step sun position and sky condition, then multiplying by the exterior
horizontal illuminance.

(6) Electric Lighting Control Calculation: The electric lighting control system is simulated to
determine the proportion of lighting energy needed to make up the difference between
the daylighting illuminance level at the given time step, and the design illuminance level.
Finally, the zone lighting electric reduction factor is passed to the thermal calculation,
which uses this factor to reduce the heat gain from lights.
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DElight Daylight Factor Calculation Differences from EnergyPlus Detailed Methods

(1)

Initial Interior Illuminance/Luminance Calculation: DElight calculates the total initial
contribution of light transmitted through all simple fenestration systems (i.e., windows and
skylights) in the zone to the illuminance at each reference point, and to the luminance at
each gridded nodal patch of interior surfaces. This differs from the EnergyPlus Detailed
daylighting calculations (henceforth referred to as “EnergyPlus Detailed” in two ways. The
first is that EnergyPlus Detailed calculates initial illuminace values at reference points for
each pair of reference point and aperture (window/skylight) in the zone, whereas DElight
calculates the total contribution from all apertures to each reference point. The second
difference from EnergyPlus Detailed is that the initial luminance of interior surface nodal
patches is calculated to support the inter-reflection calculation described below. This
calculation uses the same formula as EnergyPlus Detailed modified for arbitrarily oriented
surfaces (i.e., non-horizontal), and to calculate luminance rather than illuminance.

Reference Points: DElight allows up to 100 reference points to be arbitrarily positioned
with a daylighting zone. At this time all reference points are assumed to be oriented on a
horizontal virtual surface “facing” toward the zenith and “seeing” the hemisphere above
the horizontal plane.

Complex Fenestration System Calculation: DElight calculates the contribution to the
initial interior illuminance at each reference point, and to the luminance at each gridded
nodal patch of interior surfaces, of the light transmitted by complex fenestration systems
(CFS). The analysis of a CFS within DElight is based on the characterization of the
system using bi-directional transmittance distribution functions (BTDF), which must be
either pre-calculated (e.g., using ray-tracing techniques) or pre-measured, prior to
analysis by DElight. A BTDF is a set of data for a given CFS, which gives the ratios of
incident to transmitted light for a range of incoming and outgoing directions. As illustrated
in Figure 54, a BTDF can be thought of as collapsing a CFS to a “black box” that is
represented geometrically as a flat two-dimensional light-transmitting surface that will be
treated as an aperture surface in the daylit zone description. For each incoming direction
across the exterior hemisphere of the CFS, varying portions of that light are transmitted
at multiple outgoing directions across the interior hemisphere of the CFS. The two-
dimensional CFS “surface” and directional hemispheres are “abstract” in that they may
not literally correspond to actual CFS component geometric details.

Incident Light
at single incoming
direction

CF3
Light-transmitting
"sSurface”

AN

Transmitted Light
at multiple outgaing
directions

Figure 54. Bi-directional transmittance data.

The pre-calculated or pre-measured BTDF for a CFS is independent of its final position
and orientation within a building. Once a specific instance of a CFS aperture has been
positioned within a building, the incident light from all exterior sources across the CFS
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exterior hemisphere can be integrated over all incident directions for each relevant
transmitted direction to determine the light transmitted by the CFS surface in that
direction. The light transmitted by the CFS aperture is then distributed to surfaces in the
zone according to its non-uniform directionality. The algorithms for this BTDF treatment
of CFS in DElight are still under development, and are subject to change in the future.

(4) Inter-reflected Interior llluminance/Luminance Calculation: The effect of inter-reflection of
the initial interior illuminance/luminance between interior reflecting surfaces is calculated
using a radiosity method derived from Superlite [Modest, 1982]. This method subdivides
each reflecting surface in the zone into nodal patches and uses view factors between all
nodal patch pairs in an iterative calculation of the total contribution of reflected light within
the zone. This method replaces the split-flux method used in EnergyPlus Detailed,
resulting in a more accurate calculation of the varied distribution of inter-reflected light
throughout the zone. The ability to input up to 100 reference points supports a more
complete assessment of this distribution.

DElight Time-Step Interior Daylighting Calculation Differences from EnergyPlus
Detailed Methods

(1) Interior llluminance Calculation: As discussed above, DElight only calculates daylight
factors for the total contribution from all windows/skylights and CFS to each defined
reference point. Thus DElight does not support dynamic control of fenestration shading
during the subsequent time-step calculations, as does EnergyPlus Detailed.

(2) Visual Quality: DElight does not currently calculate a measure of visual quality such as
glare due to daylighting. DElight does calculate luminance on nodal patches of all
interior, reflecting surfaces. A variety of visual quality metrics could be calculated from
these data in future implementations.

(3) Electric Lighting Control Calculation: Up to 100 reference points can be defined within a
DElight daylighting zone. One or more of these reference points must be included in the
control of the electric lighting system in the zone. Each reference point input includes the
fraction of the zone controlled by that point. Values of 0.0 are valid, which allows the
definition of reference points for which interior illuminance levels are calculated, but which
do not control the electric lighting. Any non-zero fraction is thus the equivalent of a
relative weighting given to that reference point’s influence on the overall electric lighting
control. The sum of all fractions for defined reference points must less than or equal to
1.0 for this relative weighting to make physical sense. If the sum is less than 1.0, the
remaining fraction is assumed to have no lighting control.
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Daylighting Devices

Daylighting devices are used to improve daylighting in a zone. Besides their contribution to
illuminance, daylighting devices also have a thermal impact on the zone heat balance. As a
result the simulation of daylighting devices is tightly integrated into both the daylighting model
and the zone heat balance.

There are two types of daylighting device in EnergyPlus: tubular daylighting devices and
daylighting shelves.
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Tubular Daylighting Devices
Tubular daylighting devices (TDDs), also known as tubular skylights or light pipes, are

Dome
Exterior Roof
Pipe
Transition
Zone
Diffuser

Daylit Zone

constructed of three components: a dome, a pipe, and a diffuser.

The dome is typically a hemisphere made of clear plastic. It allows daylight into the pipe
while keeping exterior weather out. The pipe is assumed to be a smooth cylinder with a
highly reflective inside surface. The surface is usually either bare polished metal or a special
reflective sheet adhered to the inside. The pipe channels the daylight from the dome to the
diffuser via multiple internal reflections. The diffuser is typically a flat frosted plastic cover.
The diffuser evenly distributes the daylight to the zone.

In EnergyPlus the TDD model includes three different, but related, phenomena:
m  Daylighting
m  Solar gains
m  Conductive/convective gains

Solar gains and conductive/convective gains are simulated by the zone heat balance.
Daylighting is simulated independently.

For both daylighting and heat balance simulations, the dome and diffuser are treated as
special window surfaces to take advantage of many of the standard daylighting and heat
transfer routines. Together the dome and diffuser become "receiver" and "transmitter", i.e.
radiation entering the dome ends up exiting the diffuser.

Figure 55. Tubular daylighting device diagram
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< Dome

Diffuser

Figure 56. Dome and diffuser surfaces.

The pipe is simulated by a separate code module. While several different measures for
characterizing TDD performance are in use (Zhang 2002; Harrison 1998), the total
transmittance of the TDD is most compatible with the EnergyPlus daylighting and heat
balance code. Calculation of the transmittance of the pipe and the TDD for different types of
radiation is fundamental to all phenomena covered by the model.

Pipe Beam Transmittance

The transmittance of beam radiation is derived from the integration of the transmittance of
many discrete rays. The transmittance of a discrete ray through a pipe is dependent on the
reflectivity of the inside pipe surface, the aspect ratio of the pipe, the incident angle of the ray,
and the point of entry into the pipe.

_____ 7. 5

L
Figure 57. Discrete ray in a pipe.

For an opaque surface, the reflectivity is:
p=l-«a

where a = surface absorptivity. Visible (i.e. daylighting) and solar absorptivities give visible
and solar reflectivities, respectively. Measured reflectivities for commercial TDDs range from
0.90 to 0.99. Although the actual surface reflectivity is slightly dependent on the incident
angle, the model assumes a constant reflectivity for all angles.

The full analytical expression for the transmittance of a beam of light in a highly reflective
pipe has been developed by Swift and Smith and verified by experiment (1994). By
integrating over all rays incident on the pipe entrance, they find the transmittance of a beam
of collimated radiation to be:
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T =

where

A _s
P i

a = L/D, the aspect ratio of the TDD
p = surface reflectivity
0 = incident angle

s = entry point

INT[atan6/s] (1 —(1-p)(atan/s—INT[atan H/S]))ds

This integral does not have an analytical solution and must be calculated numerically. It was
found that a large number of points (100,000) were necessary to achieve an acceptable
accuracy. Since the integration is time consuming and the transmittance of the pipe must be
utilized many times at every time step, values are calculated over a range of incident angles
and stored in a table. The tabulated values are interpolated to rapidly give the transmittance
at any incident angle. A polynomial fit was also considered but it was found that interpolation
gave superior results.

In the graph below, interpolated values from EnergyPlus are compared to the results of ray
tracing simulations performed at the Florida Solar Energy Center for an incident angle of 30
degrees (McCluney 2003).
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Figure 58. Pipe transmittance comparison.

9.0

During initialization of each unique TDD, the program integrates and tabulates values for the

visible and solar transmittance of the pipe.

daylighting simulation and heat balance simulation respectively.

The results are subsequently used in the

9/30/04

125



DAYLIGHTING AND WINDOW CALCULATIONS DAYLIGHTING DEVICES

The effect of bends in the pipe on beam transmittance is not included in this model. Recent
research (Zhang 2002) has suggested that a 30 degree bend has a 20% loss in transmitted
light. If the effect of bends must be simulated, it can be approximated by the user by
appropriately decreasing the transmittance of the diffuser material.

TDD Beam Transmittance

The beam transmittance of the TDD takes into account the dome and diffuser transmittances
in addition to the pipe transmittance.

TTDD (9) = z-dome (Q)Tpipe (e)rdifﬁtser

where

T4ome(0) = beam transmittance of the dome glazing at the incident angle

Tpipe(0) = beam transmittance of the pipe at the incident angle, as described above
tairuser = diffuse transmittance of the diffuser glazing

The dome transmittance is calculated for a flat window. The model does not take into
account refraction due to the curvature of the dome surface.

Diffuse transmittance is always assumed for the diffuser because multiple internal reflections
in the pipe scatter the beam with a diffusing effect. Although the light exiting the pipe is not
isotropic, it can be approximated as diffuse. The use of a frosted diffuser on the TDD,
however, ensures that the light delivered to the zone is very close to isotropic diffuse.

The calculation of TDD diffuse transmittance is considerably more complex and is handled
differently in the daylighting simulation and the heat balance simulation. The details are
discussed in the following sections.

Daylighting

The daylighting simulation of the TDD treats the diffuser surface as a regular window
illuminated from the outside by sun, sky, and ground. However, the TDD model replaces the
window glazing transmittance with the appropriate TDD transmittance and converts all
transmitted light to diffuse.

The illuminance due to the direct beam of the sun is found using the TDD beam
transmittance trpp(0) as described above. The incident angle 6 is relative to the dome
surface.

The illuminance due to sky radiation and ground reflected radiation is calculated with the
normal daylighting model integration over the sky and ground within the viewable hemisphere
of the dome. The transmittance of each sky or ground element is also found using the TDD
beam transmittance at the incident angle of the sky or ground element relative to the dome.

Light from the diffuser is converted to diffuse inside the zone in the same way as an interior
shade.

Solar Gains

Solar radiation incident on a window is calculated separately as sun, sky, and ground
radiation. A different transmittance must be applied for each type of radiation.

For beam radiation the TDD beam transmittance t1pp(6) for the solar spectrum is used as
described above. For sky and ground radiation a diffuse transmittance for the TDD must be
developed.

The transmittance of diffuse radiation can be defined as the total transmitted flux divided by
the total incident flux.
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Z I trans

T
zlinc

Swift and Smith (1994) suggest a weighted integral of the beam transmittance over the
hemisphere for an arbitrary angular distribution:

[ 20)P©)singdo

Tdiﬁ" =

|7 P@)sinodo
=0

where
P(6) = angular distribution function
For isotropic diffuse radiation P(0) is the cosine of the incident angle 6.

L/: 7(6) cos Osin 0dO

Tdiﬁ" Jiso

jmcos @sin0do

6=0

For a given pipe or TDD, 14,50 iS @ constant. The program calculates tqsiso ONCe during
initialization using a numerical integration.

The diffuse isotropic transmittance is useful, but not sufficient, for determining the
transmittance of sky radiation. As described in the Sky Radiance Model section, sky
radiation has an anisotropic distribution modeled as the superposition of three simple
distributions: a diffuse isotropic background, a circumsolar brightening near the sun, and a
horizon brightening. While the daylighting model is capable of calculating the luminance of
any position in the sky, the solar code only calculates the ultimate irradiance on a surface.
For this reason it is not possible to integrate over an angular distribution function for sky
radiance. Instead the three sky distributions must be handled piecewise.

+1

Z trans,aniso __ " trans,iso trans ,circumsolar trans ,horiz

T o =
diff ,aniso
Z ]int,aniso Iinc,iso + ]inc,circumsolar + I[nc,horiz

Substituting in the appropriate transmittances:

_ 7’-dijf,isolinc,iso + T(e)linc,circumsolar + z-ahﬁ",horizIinc,horiz
+1

inc,circumsolar + I

Td[[f' ,aniso Ji

inc,iso inc,horiz

where

Taiiiso = diffuse isotropic transmittance

1(0) = beam transmittance at incident angle 6 of sun

Taiff noriz = diffuse transmittance of the horizon, derived below

It is important to note that transmittances above are for the total TDD. The transmittance of the dome and
diffuser must be included to account for their angular dependences as well.
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The beam transmittance is used as an approximation for all circumsolar radiation.

The diffuse horizon transmittance is found by integrating the beam transmittance over the arc
of the horizon.

/2

_ Z ]tmns,horiz _ _[g, /2 7(6) COS ede

T = =
diff ,horiz z : /2
Iim',horiz .[ COS t9dt9
O=—7/2

Since the radiance of the horizon is isotropic, and therefore constant across the entire
horizon, the actual value of the radiance cancels out. The result is a constant that is
calculated once during initialization.

Ground radiation is assumed to be isotropic diffuse. The transmittance of ground radiation is
the diffuse isotropic transmittance.

Laifr sond = Taify iso

The solar flux transmitted by a TDD due to beam, sky, and ground radiation is calculated as
normal for a window but uses the respective transmittances for the TDD.

q;DD—trans,beam = (Isun Cos 9) f:vunlitTTDD (0)

"
qT ‘DD—trans ,sky h,sky f;kymult z-T DD, diff ,aniso

" _
qTDD—trans,gnd - (Isun COs 9 + Ih,sky ) F;g TTDD,diﬁ",iso

where

Isun = solar beam intensity of the sun

Insky = total horizontal diffuse solar radiation due to the sky
0 = incident angle of the beam on the dome

fsunit = sunlit beam fraction of the dome area

fskymutt = @nisotropic sky view multiplier (see AnisoSkyMult)
Fsg = view from ground to dome

t1pp(0) = TDD beam transmittance

Trpp.diffaniso = 1 DD anisotropic sky transmittance

Trop.difiiso = 1DD isotropic diffuse transmittance

Daylighting vs. Solar

The beam transmittance of a TDD is calculated in the same way for both daylighting and
solar gains. If the visible and solar properties (i.e. absorptances in the input file) are the
same, the reported TDD beam transmittances are equal.

However, because the daylighting and solar models treat diffuse radiation differently, the
TDD diffuse transmittances reported for visible and solar radiation will not necessarily be
equal, even though the properties may be the same.

Since the daylighting model calculates the diffuse illuminance using a sky and ground
integration of many discrete elements, a visible diffuse transmittance is not required for the
TDD daylighting simulation. For reporting purposes only, the visible diffuse transmittance is
estimated concurrent with the sky and ground integration using:
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[2mmp(@)dd,,
j dd.

mc

Tdijf =

Conductive/Convective Gains

For conductive and convective heat gain, TDDs are treated as one entity with an effective
thermal resistance (i.e. R-value) between the outside and inside surfaces. The outside face
temperature of the dome and the inside face temperature of the diffuser are calculated as
usual by the outside and inside heat balances respectively. The temperatures are then
copied to the inside face of the dome and the outside face of the diffuser. Normal exterior
and interior convection and IR radiation exchange occurs for both surfaces.

Although little research has been done on the thermal characteristics of TDDs, one
experiment (Harrison 1998) reports an average effective thermal resistance of 0.279 m* K/W
for a commercial TDD measuring 0.33 m in diameter by 1.83 m in length. This value,
however, reflects a measurement from outside air temperature to inside air temperature. The
model assumes an effective thermal resistance from outside surface temperature to inside
surface temperature.
Solar radiation is inevitably absorbed by the TDD before it reaches the zone. Every reflection
in the pipe leaves behind some solar radiation according to the surface absorptance. Rays
incident at a greater angle make more reflections and leave behind more absorbed solar in
the pipe wall.
The total absorbed solar radiation in the TDD is the sum of the following gains:
¢ Inward bound solar absorbed by multiple pipe reflections
e Outward bound solar absorbed by multiple pipe reflections due to:
0 Reflection off of diffuser surface (inside of TDD)
0 Zone diffuse interior shortwave incident on the diffuser from lights, etc.

¢ Inward flowing absorbed solar in dome and diffuser glazing

Qabs,pipe = Qabs,in + Qabs,out + Qabs,glazing

The inward bound solar absorbed by the pipe is the difference between the solar transmitted
by the dome and the solar incident on the diffuser.

_n o
Qabs,in - qtrans,domeAdome qinc,d{‘f)“user Adiﬁixser

The solar transmitted by the dome q"yans dome iS Ccalculated as usual for a window. The solar
incident on the diffuser q"i\cdiruser iS More complicated because each component must be
treated separately.

o TTDD,beam (9) " TTDD,anisa (HOI/H’) ” TTDD,isu

14
qinc,d{[’fuser - qbeam sky gnd
Tdiffuser Tdiffuser Tdijfuser

The outward bound solar absorbed by the pipe is given by:

1-7 )
_ " ( TDD ”
Qahs,out - qreﬂ Jdiffuser + qzoneSW (1 - 2-TDD ) Adiﬂ‘user

diffuser
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where q",onesw IS the zone interior diffuse shortwave flux from window, lights, and ambient
surface reflections, and

" _n o L
qrefl,dijjitser - qinc,d{[}‘user qabs,d{fﬁtser qtrans,dijﬁtser

The inward flowing portion of solar absorbed in the dome and diffuser glazing is:

" "
_ qabs,domeAdome qabs,dif user Adlf user
Qabs,glazing - 2 + 2

All absorbed solar radiation in the TDD is distributed among the transition zones that the pipe
passes through between dome and diffuser. The transition zone heat gain is proportional to
the length of the zone. Any exterior length of pipe also receives a proportional amount of
heat, but this is lost to the outside.
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Daylighting Shelves

Daylighting shelves, or simply light shelves, are constructed of up to three components: a
window, an inside shelf, and an outside shelf. The inside shelf acts to reflect all transmitted
light from the upper window onto the ceiling of the zone as diffuse light. The outside shelf
changes the amount of light incident on the window. All light reflected from the outside shelf
also goes onto the zone ceiling. The inside shelf and outside shelf are both optional.
However, if neither shelf is specifed, the daylighting shelf object has no effect on the
simulation.

The window is divided into two window surfaces: an upper window and a lower window. The
upper window interacts with the daylighting shelf but the lower window does not, except to
receive shading from the outside shelf.
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Outside Shelf Inside Shelf

Daylit Zone
Window

Figure 59. Daylighting Shelf Diagram

Daylighting shelves are simulated separately for daylighting and the zone heat balance. The
general model is similar in both cases, but the details vary.

Inside Shelf Daylighting

The inside shelf is modeled in the daylighting simulation by converting all light transmitted by
the upper window into diffuse upgoing flux. It is assumed that no beam or downgoing flux
can pass the end of the shelf regardless of the shelf's position or orientation.

In the daylighting simulation this is accomplished by forcing all the transmitted flux to be
upgoing:

(DCW =0
(DFW =0
where

DOcw = upgoing flux
Oryw = downgoing flux
O = total flux

Since it is assumed that all light falls on the inside shelf, it is implied that the upper window
cannot contribute any direct illuminance (i.e. the upper window cannot be seen from
anywhere in the zone). The remaining light is entirely interreflected sky-related and
interreflected sun-related upgoing flux.

Inside Shelf Heat Balance

In the heat balance simulation the inside shelf is defined as an interzone heat transfer
surface, e.g. partition. Since the inside shelf external boundary condition is required to refer
to itself, the shelf is essentially equivalent to internal mass. Because the shelf surface has
two sides that participate in the zone heat balance, the surface area is doubled by the
program during initialization. Like internal mass, the shelf surface is allowed to interact
convectively and radiatively with the zone air and other zone surfaces.

The zone interior solar distribution is modified by the inside shelf. Regardless of the solar
distribution selected in the input file, all beam solar radiation transmitted by the upper window
is incident on one side (half the doubled surface area) of the shelf surface. The beam
radiation not absorbed is reflected throughout the zone as diffuse shortwave radiation. The
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treatment of sky and ground radiation is unchanged; both are added directly to the zone
diffuse shortwave.

The total beam, sky, and ground radiation transmitted by the upper window does not change.
Outside Shelf Daylighting

In the daylighting model the luminous flux transmitted by the upper window is determined by
integrating over the sky and ground and summing the luminance contribution of each sky or
ground element. The luminance of any intervening exterior or interior surfaces is assumed to
be zero. As a shading surface, the effect of the outside shelf during the integration is to block
part of the view of the ground, thereby reducing the window transmitted flux due to diffuse
ground luminance. After the integration is complete, the program calculates the amount of
diffuse light that is reflected through the window from the outside shelf and adds it as a lump
sum to the upgoing flux transmitted by the window.

The additional shelf upgoing flux is the sum of sun-related and sky-related flux:

O =0 +®

shelf ,CW shelf ,sun shelf ,sky

where

(Dshelf,sun = (Esun cos 9) f;utzlitpvisF:vsTdiﬁ’,vis

(Dshelf,sky = Eh,skyfskymuh P, ws T diff ,vis

and

Esun = exterior illuminance due to light from the sun

Eh, sy = exterior horizontal illuminance due to light from the sky
0 = incident angle of the beam on the shelf

fsunit = sunlit beam fraction of the shelf surface area

fskymutt = @nisotropic sky view multiplier (see AnisoSkyMult)

pvis = shelf surface reflectivity in the visible spectrum

Fws = view factor from window to shelf

Taifr, vis = diffuse window transmittance in the visible spectrum

The sunlit beam fraction fy,t and the anisotropic sky view multiplier fgymu: are borrowed from
the heat balance solar calculations.

The sunlit beam fraction fg,.;; takes into account the effect of shading due to other surfaces.
Although shadows on the shelf surface change the luminance distribution of the shelf, there is
no angular dependence because diffuse properties are assumed. Therefore, the flux is
simply proportional to the sunlit fraction.

The anisotropic sky view multiplier fs,mu: takes into account the anisotropic distribution of sky
radiation, the shelf view factor to the sky, and shading. This value is utilized in the heat
balance simulation for solar calculations but is not currently available in the daylighting
simulation. A value of 1.0 is assumed until a better model is developed. For this reason the
sky-related flux may be over-predicted for some building and shelf geometries. However, for
clear sky conditions the sun-related flux is dominant and the resulting error is small.

The view factor to the outside shelf, Fs, if not specified by the user in the input object, is an
exact view factor calculated for adjacent perpendicular rectangles.
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Figure 60. Window and outside shelf as adjacent perpendicular rectangles.

For this geometry the view factor is given by (Mills 1995):
M tan™' 1 +Ntan™ L _(M2 +N? )1/2 tan™ ((MZ +N? )1/2)
M N

N (1+02) (14 N?) ) M3 (14 M2+ N?) v N (14 M + N?)

4 L+ M2 N\ (1+M2) (M2 +N?) | | (14 M) (M2 +N?)
where

M=HIW

N=L/W

Outside Shelf Heat Balance

The heat balance simulation does not do a sky and ground integration. View factors to sky
and ground are used instead. Consequently, the heat balance calculation for the outside
shelf is very similar to the daylighting calculation. The main difference is that the incident flux
on the upper window is calculated first and reported. The transmitted and absorbed fractions
are subsequently determined.

The solar flux incident on the upper window due to the shelf is given by:

" " +q"
qshe[f—inc - qshelf—mc,sun qshe_lf—inc,sky

where

" _
qshelf—inc,sun - (Isun COS 9) ]Fsunlit psol F'ws

14

qshel}"—inc,sky = ]h,skyf:skymultpsoles

and

lsun = solar beam intensity of the sun

In, sky = total horizontal diffuse solar radiation due to the sky
6 = incident angle of the beam on the shelf

fsunit = sunlit beam fraction of the surface area

fskymutt = @nisotropic sky view multiplier (see AnisoSkyMult)
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psol = shelf surface reflectivity in the solar spectrum
F.s = view factor from window to shelf
The view factor F, is the same as described above for daylighting.

The total diffuse incident radiation due to the shelf is internally added to the ground diffuse
incident radiation on the window. For reporting purposes the shelf radiation is included in the
Surface Ext Solar Ground Diffuse Incident output variable.

With the incident radiation determined, the remaining window heat balance is calculated
normally. The resulting transmitted diffuse radiation from the sky, ground, and shelf is:

" _ " " "
Qtrans - (QSky—inc + qgnd—inc + QShelf—inc ) z-dif]',sal

where
Taifr, sol = diffuse window transmittance in the solar spectrum

References
Mills, A. F. Heat and Mass Transfer, 1995, p. 499.

Window Calculation Module

In EnergyPlus a window is considered to be composed of the following four components, only
the first of which, glazing, is required to be present:

1) Glazing, which consists of one or more plane/parallel glass layers. If there are two or
more glass layers, the layers are separated by gaps filled with air or another gas. The
glazing optical and thermal calculations are based on algorithms from the WINDOW 4
and WINDOW 5 programs [Arasteh et al., 1989], [Finlayson et al., 1993].

2) Frame, which surrounds the glazing on four sides.

3) Divider, which consists of horizontal and/or vertical elements that divide the glazing into
individual lites.

4) Shading device, which is a separate layer, such as drapery, roller shade or blind, on the
inside or outside of the glazing, whose purpose is to reduce solar gain, reduce heat loss
(movable insulation) or control daylight glare.

In the following, the description of glazing algorithms is based on material from Finlayson et
al., 1993. The frame and divider thermal model, and the shading device optical and thermal
models, are new to EnergyPlus.

Optical Properties of Glazing

The solar radiation transmitted by a system of glass layers and the solar radiation absorbed
in each layer depends on the solar transmittance, reflectance and absorptance properties of
the individual layers. The absorbed solar radiation enters the glazing heat balance calculation
that determines the inside surface temperature and, therefore, the heat gain to the zone from
the glazing (see “Window Heat Balance Calculation”). The transmitted solar radiation is
absorbed by interior zone surfaces and, therefore, contributes to the zone heat balance. In
addition, the visible transmittance of the glazing is an important factor in the calculation of
interior daylight illuminance from the glazing.

Table 22. Variables in Window Calculations

Mathematical Description Units FORTRAN variable
variable
T Transmittance - -
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R Reflectance - -

Rf, RP Front reflectance, back - -
reflectance

Tij Transnjitta_nce through glass - -
layersitoj

T Direct transmittance of - -

glazing
Rfid-, Rbi,j Front reflectance, back - -

reflectance from glass layers
itoj

dir dir
R™gs, R gib

Direct front and back
reflectance of glazing

Front absorptance, back
absorptance of layer i

Number of glass layers

nlayer

Wavelength

microns

wle

Solar spectral irradiance
function

W/m?-
micron

Photopic response function
of the eye

y30

Angle of incidence (angle
between surface normal and
direction of incident beam
radiation)

Phi

Transmittivity or
transmittance

tf0

=

Reflectivity or reflectance

rfO, rb0

=]

Spectral absorption
coefficient

Glass thickness

Material%Thickness

Index of refraction

ngf, ngb

Extinction coefficient

™ |A |D |[&

Intermediate variable

betaf, betab

A general property, such as
transmittance

Tsh

Shade transmittance

Material%Trans

Psh

Shade reflectance

Osh

Shade absorptance

Material%AbsorpSolar

Thl, Pbl, Obl

Blind transmittance,
reflectance, absorptance

QG J

Source, irradiance and
radiosity for blind optical
properties calculation

View factor between
segments i and j

1:switch

Switching factor

SwitchFac
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Transmittance

Reflectance

Front reflectance, back
reflectance

Transmittance through glass
layersitoj

Front reflectance, back
reflectance from glass layers
ito]j

Front absorptance, back
absorptance of layer i

Number of glass layers

nlayer

Wavelength

microns

wle

Solar spectral irradiance
function

W/m?-
micron

Photopic response function
of the eye

y30

Angle of incidence (angle
between surface normal and
direction of incident beam
radiation)

Phi

Transmittivity or
transmittance

tfo

Reflectivity or reflectance

rfO, rb0

Spectral absorption
coefficient

Glass thickness

Material%Thickness

Index of refraction

ngf, ngb

Extinction coefficient

Intermediate variable

betaf, betab

A general property, such as
transmittance

Shade transmittance

Material%Trans

Shade reflectance

Osh

Shade absorptance

Material%AbsorpSolar

fswitch

Switching factor

SwitchFac

Glass Layer Properties

In EnergyPlus, the optical properties of individual glass
quantities at normal incidence as a function of wavelength:

Transmittance, 7'

Front reflectance, R

Back reflectance, R’

Here “front” refers to radiation incident on the side of the glass closest to the outside
environment, and “back” refers to radiant incident on the side of the glass closest to the

layers are given by the following
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inside environment. For glazing in exterior walls, “front” is therefore the side closest to the
outside air and “back” is the side closest to the zone air. For glazing in interior (i.e., interzone)
walls, “back” is the side closest to the zone in which the wall is defined in and “front” is the
side closest to the adjacent zone.

Glass Optical Properties Conversion

Conversion from Glass Optical Properties Specified as Index of Refraction and
Transmittance at Normal Incidence

The optical properties of uncoated glass are sometimes specified by index of refraction, n,
and transmittance at normal incidence, T.

The following equations show how to convert from this set of values to the transmittance and
reflectance values required by Material:WindowGlass. These equations apply only to
uncoated glass, and can be used to convert either spectral-average solar properties or
spectral-average visible properties (in general, n and T are different for the solar and visible).
Note that since the glass is uncoated, the front and back reflectances are the same and equal
to the R that is solved for in the following equations.

Given nand T, find R:

r_[ﬁzgz
n+1
[a-r'+47°72]" ~(1=r)?

2r°T
N2 2
R=p 0T
1-r°t
Example:
T=0.86156
n=1526
(L5261
1.526+1
7=0.93974
R =0.07846

Glazing System Properties

The optical properties of a glazing system consisting of N glass layers separated by
nonabsorbing gas layers (Figure 61. Schematic of transmission, reflection and absorption of
solar radiation within a multi-layer glazing system.) are determined by solving the following
recursion relations for 7;; , the transmittance through layers i to j; Rfi,‘,‘and ijJ, the front and
back reflectance, respectively, from layers i to j; and 4, , the absorption in layer j. Here layer
1 is the outermost layer and layer NN is the innermost layer. These relations account for

multiple internal reflections within the glazing system. Each of the variables is a function of
wavelength.
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T . .T

L1 )

T, =
L. S pb
' 1-R/,R

J-Li

2 f

Rf :Rf + 7;,j*leJ

Mo 1-RIR

J.J L
2 pb
b b J,J~ j-Li
Jo JsJ _pb f
1 ijl,iRj,j

La0-T, - ij,J) n

N2 b
TR (-T,,—R; )

1,j" j+LLN

Al =
’ 1-R/\R}

Jj-11

1—R_-]{NR

In Eq. (135) 7;,= 1 and R;; = 0 if i<0 or j>N.

b
J-11

(132)
(133)
(134)
(135)
» Tin
Inside
> RN

>

Figure 61. Schematic of transmission, reflection and absorption of solar radiation within a multi-layer

glazing system.

As an example, for double glazing (/N=2) these equations reduce to

S
Y 1-R/ R
20

2pf
7 f TuRz,z
Rl,2 = Ri,1 + T o/ nb
1- Ri,le,l
2 pb
b pb TZ,ZRl,l
1- R1,1R2,2
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];,IRZJ‘;Z (1 - T1,1 - Rllfl)

A =(1-T,-R/)+
1 ( L1 L1 l_R'zf,lelil

_ (=T, —R)

Al = :
: 1-R/,R,

If the above transmittance and reflectance properties are input as a function of wavelength,
EnergyPlus calculates “spectral average” values of the above glazing system properties by
integrating over wavelength:

The spectral-average solar property is

o j P(A)E.(A)dA
g j E (A)dA

The spectral-average visible property is

o [PCOE,(MR()d A
- [E(DR()A

where E (1) is the solar spectral irradiance function and R(A) is the photopic response

function of the eye. These functions are shown in Table 23 and Table 24. They are
expressed as a set of values followed by the corresponding wavelengths for values.
If a glazing layer has optical properties that are roughly constant with wavelength, the
wavelength-dependent values of 7;; , Rfl;,-and Rbi,,- in Egs. (132) to (135) can be replaced
with constant values for that layer.

Table 23: Solar spectral irradiance function.

Air mass 1.5 terrestrial solar global spectral irradiance values (W/mz-micron) on a 37° tilted surface.
Corresponds to wavelengths in following data block. Based on ISO 9845-1 and ASTM E 892; derived from
Optics5 data file 1ISO-9845GlobalNorm.std, 10-14-99.
0.0, 9.5, 42.3, 107.8, 181.0, 246.0, 395.3, 390.1, 435.3, 438.9,
483.7, 520.3, 666.2, 712.5, 720.7,1013.1,1158.2,1184.0,1071.9,1302.0,
1526.0,1599.6,1581.0,1628.3,1539.2,1548.7,1586.5,1484.9,1572.4,1550.7,
1561.5,1501.5,1395.5,1485.3,1434.1,1419.9,1392.3,1130.0,1316.7,1010.3,
1043.2,1211.2,1193.9,1175.5, 643.1,1030.7,1131.1,1081.6, 849.2, 785.0,
258.3, 313.6,
.0,
.5,
.5,
.1,

916.4, 959.9, 978.9, 933.2, 748.5, 667.5, 690.3, 403.6,

526.8, 646.4, 746.8, 690.5, 637.5, 412.6, 108.9, 189.1, 132.2, 339

460.0, 423.6, 480.5, 413.1, 250.2, 32.5, 1.6, 55.7, 105.1, 105
182.1, 262.2, 274.2, 275.0, 244.6, 247.4, 228.7, 244.5, 234.8, 220
171.5, 30.7, 2.0, 1.2, 21.2, 91.1, 26.8, 99.5, 60.4, 89
82.2, 71.5, 70.2, 62.0, 21.2, 18.5, 3.2

Wavelengths (microns) corresponding to above data block

0.3000,0.3050,0.3100,0.3150,0.3200,0.3250,0.3300,0.3350,0.3400,0.3450,
0.3500,0.3600,0.3700,0.3800,0.3900,0.4000,0.4100,0.4200,0.4300,0.4400,
0.4500,0.4600,0.4700,0.4800,0.4900,0.5000,0.5100,0.5200,0.5300,0.5400,
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.5500,0.5700,0.5900,0.6100,0.6300,0.6500,0.6700,0.6900,0.7100,0.7180,
.7244,0.7400,0.7525,0.7575,0.7625,0.7675,0.7800,0.8000,0.8160,0.8237,
.8315,0.8400,0.8600,0.8800,0.9050,0.9150,0.9250,0.9300,0.9370,0.9480,
-9650,0.9800,0.9935,1.0400,1.0700,1.1000,1.1200,1.1300,1.1370,1.1610,
.1800,1.2000,1.2350,1.2900,1.3200,1.3500,1.3950,1.4425,1.4625,1.4770,
.4970,1.5200,1.5390,1.5580,1.5780,1.5920,1.6100,1.6300,1.6460,1.6780,
.7400,1.8000,1.8600,1.9200,1.9600,1.9850,2.0050,2.0350,2.0650,2.1000,
.1480,2.1980,2.2700,2.3600,2.4500,2.4940,2.5370

NP, PP OOOO

Table 24: Photopic response function.

Photopic response function values corresponding to wavelengths in following data block. Based on CIE
1931 observer; ISO/CIE 10527, CIE Standard Calorimetric Observers; derived from Optics5 data file "CIE
1931 Color Match from E308.txt", which is the same as WINDOWA4 file Cie31t.dat.

0.0000,0.0001,0.0001,0.0002,0.0004,0.0006,0.0012,0.0022,0.0040,0.0073,
.0116,0.0168,0.0230,0.0298,0.0380,0.0480,0.0600,0.0739,0.0910,0.1126,
.1390,0.1693,0.2080,0.2586,0.3230,0.4073,0.5030,0.6082,0.7100,0.7932,
.8620,0.9149,0.9540,0.9803,0.9950,1.0000,0.9950,0.9786,0.9520,0.9154,
.8700,0.8163,0.7570,0.6949,0.6310,0.5668,0.5030,0.4412,0.3810,0.3210,
.2650,0.2170,0.1750,0.1382,0.1070,0.0816,0.0610,0.0446,0.0320,0.0232,
.0170,0.0119,0.0082,0.0158,0.0041,0.0029,0.0021,0.0015,0.0010,0.0007,
.0005,0.0004,0.0002,0.0002,0.0001,0.0001,0.0001,0.0000,0.0000,0.0000,
0.0000 /

O O O O O O o

Wavelengths (microns) corresponding to above data block

.380,
-430,
.480,
.530,
.580,
.630,
.680,
.730,

-385,.390,.

.435,
.485,
.535,
.585,
.635,
.685,
.735,

.440,
-490,
.540,
-590,
.640,
.690,
.740,

395,

.445,
-495,
.545,
.595,
.645,
.695,
.745,

-400, .405, .

410,

.450,
-500,
.550,
.600,
.650,
.700,
.750,

.455,
.505,
.555,
.605,
.655,
.705,
.755,

.460,
.510,
.560,
.610,
.660,
.710,
.760,

.415,
.465,
.515,
.565,
.615,
.665,
.715,
.765,

.420,
.470,
.520,
.570,
.620,
.670,
.720,
.770,

.425,
.475,
.525,
.575,
.625,
.675,
.725,
.775,

.780

Calculation of Angular Properties

Calculation of optical properties is divided into two categories: uncoated glass and coated
glass.

Angular Properties for Uncoated Glass

The following discussion assumes that optical quantities such transmittivity, reflectvity,
absorptivity and index of refraction are a function of wavelength, A. If there are no spectral
data the angular dependence is calculated based on the single values for transmittance and
reflectance in the visible and solar range. In the visible range an average wavelength of 0.575
microns is used in the calculations. In the solar range an average wavelength of 0.898
microns is used.

The spectral data include the transmittance, 7, and the reflectance, R. For uncoated glass
the reflectance is the same for the front and back surfaces. For angle of incidence, ¢, the

transmittance and reflectance are related to the transmissivity, T, and reflectivity, p, by the
following relationships:
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T(¢)2e—ad/cos¢'

T(¢)= - 136
(¢) 1_ p(¢)2 e—2ad/cos¢ ( )
R($) = p($)(1+T(p)e ") (137)
The spectral reflectivity is calculated from Fresnel’'s equation assuming unpolarized incident
radiation:
1 g-cosg'\ ¢ —cosg
1.COS ¢ —COS ncos ¢y —cos
plP)=— i p (138)
2|\ ncos¢+cosg ncos ¢’ +cos¢

The spectral transmittivity is given by

(@) =1-p(¢) (139)
The spectral absorption coefficient is defined as
a=4nx/ A (140)

where Kk is the dimensionless spectrally-dependent extinction coefficient and A is the
wavelength expressed in the same units as the sample thickness.

Solving Eq. (138) at normal incidence gives

n:m (141)

1-4/p(0)
Evaluating Eq. (137) at normal incidence gives the following expression for x

A In R(0)—p(0)
4zd  p(0)T(0)

(142)

Eliminating the exponential in Egs. (136) and (137) gives the reflectivity at normal incidence:

B—/B> —4(2 - R(0))R(0)

PO = 22— R(0)) 149
where
£ =T(0)" —R(0)* +2R(0)+1 (144)

The value for the reflectivity, p(0), from Eq. (143) is substituted into Egs. (141) and (142).
The result from Eq. (142) is used to calculate the absorption coefficient in Eq. (140). The
index of refraction is used to calculate the reflectivity in Eq. (138) which is then used to
calculate the transmittivity in Eq. (139). The reflectivity, transmissivity and absorption
coefficient are then substituted into Egs. (136) and (137) to obtain the angular values of the
reflectance and transmittance.
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Angular Properties for Coated Glass

A regression fit is used to calculate the angular properties of coated glass from properties at
normal incidence. If the transmittance of the coated glass is > 0.645, the angular dependence
of uncoated clear glass is used. If the transmittance of the coated glass is < 0.645, the
angular dependence of uncoated bronze glass is used. The values for the angular functions

for the transmittance and reflectance of both clear glass (7,,,p, ) and bronze glass

(7,,.» P,,. ) are determined from a fourth-order polynomial regression:
7($) =7, + 7, cos(§) + T, cos’ (¢) + 7, cos’ () + 7, cos* ()
and

P($)=P,+ Py cos() + P cos’(§) + P, cos’ (¢) + P, cos* (9) - ()

The polynomial coefficients are given in Table 25.
Table 25: Polynomial coefficients used to determine angular properties of coated glass.

0 1 2 3 4

= -0.0015 3.355 -3.840 1.460 0.0288
clr

= 0.999 -0.563 2.043 -2.532 1.054
pclr
= -0.002 2.813 -2.341 -0.05725 0.599
Tbrlz
= 0.997 -1.868 6.513 -7.862 3.225
pbnz

These factors are used as follows to calculate the angular transmittance and reflectance:
For 7T(0) > 0.645:

T(¢) =T(0)7,, ()

R(¢) = ROO)1~ £ () + Py (9)
For 7(0) < 0.645:

T(¢)=T(0)7,,.(#)

R(¢) = R(0)1 = p,,.. () + Py,.. (#)

Calculation of Hemispherical Values

The hemispherical value of a property is determined from the following integral:

Pronsgpronca = 2] P($)cos(@)sin(¢)dp

The integral is evaluated by Simpson’s rule for property values at angles of incidence from 0
to 90 degrees in 10-degree increments.
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Optical Properties of Window Shading Devices

Shading devices affect the system transmittance and glass layer absorptance for short-wave
radiation and for long-wave (thermal) radiation. The effect depends on the shade position
(interior, exterior or between-glass), its transmittance, and the amount of inter-reflection
between the shading device and the glazing. Also of interest is the amount of radiation
absorbed by the shading device.

In EnergyPlus, shading devices are divided into three categories, “shades,” ‘blinds,” and
“switchable glazing.” “Shades” are assumed to be perfect diffusers. This means that direct
radiation incident on the shade is reflected and transmitted as hemispherically uniform diffuse
radiation: there is no direct component of transmitted radiation. It is also assumed that the

transmittance, 7y, reflectance, pg,, and absorptance, oy, are the same for the front and back
of the shade and are independent of angle of incidence. Many types of drapery and pull-down
roller devices are close to being perfect diffusers and can be categorized as “shades.”

“Blinds” in EnergyPlus are slat-type devices such as venetian blinds. Unlike shades, the
optical properties of blinds are strongly dependent on angle of incidence. Also, depending on
slat angle and the profile angle of incident direct radiation, some of the direct radiation may
pass between the slats, giving a direct component of transmitted radiation.

With “Switchable glazing” shading is achieved making the glazing more absorbing or more
reflecting, usually by an electrical or chemical mechanism. An example is electrochromic
glazing where the application of an electrical voltage or current causes the glazing to switch
from light to dark.

Shades and blinds can be either fixed or moveable. If moveable, they can be deployed
according to a schedule or according to a trigger variable, such as solar radiation incident on
the window.

Shades
Shade/Glazing System Properties for Short-Wave Radiation

Short-wave radiation includes

(1) Beam solar radiation from the sun and diffuse solar radiation from the sky and ground
incident on the outside of the window,

(2) Beam and/or diffuse radiation reflected from exterior obstructions or the building itself,

(3) Solar radiation reflected from the inside zone surfaces and incident as diffuse radiation
on the inside of the window,

(4) Beam solar radiation from one exterior window incident on the inside of another window
in the same zone, and

(5) Short-wave radiation from electric lights incident as diffuse radiation on the inside of
thewindow.

Exterior Shade

For an exterior shade we have the following expressions for the system transmittance, the
effective system glass layer absorptance, and the system shade absorptance, taking inter-
reflection between shade and glazing into account. Here, “system” refers to the combination
of glazing and shade. The system properties are given in terms of the isolated shade
properties (i.e., shade properties in the absence of the glazing) and the isolated glazing
properties (i.e., glazing properties in the absence of the shade).

Tsh

dl/
s;s(¢) T; N Rd,/p
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dif _ mdif Ton
sys — TLN dif
1 - R f p sh

Asys Adlf Tsh
A
’ 1 R/ losh
Adif,sys Adtf T{dll\{psh
Jib Job
1-R,p,,

Interior Shade

j=ltoN
j=ltoN
j=1toN

The system properties when an interior shade is in place are the following.

T () ——

gy_g (¢) 1 Rdlf p

dif _ rpdif T
sys — TLN dif
=R py,

A7 (@)= A, D)+ T D) i~

dif sys _ gdif | pdif P
A0 = A5+ Ty [_ R
b
dif \sys __ Ad,/
b b
J 1 Rdzfp Jsb?
ay D) =T \(P)———
1- Rd’f o
dif \sys __ rpdif ag,
ay " =Ty
’ ’ 1 - Rlshf Iosh

ps‘h dl .-
Rd’fp Ajb, j=1toN
", j=1toN
sh
j=1toN

Long-Wave Radiation Properties of Window Shades

Long-wave radiation includes
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(1) Thermal radiation from the sky, ground and exterior obstructions incident on the outside
of the window,

(2) Thermal radiation from other room surfaces incident on the inside of the window, and
(3) Thermal radiation from internal sources, such as equipment and electric lights, incident
on the inside of the window.

The program calculates how much long-wave radiation is absorbed by the shade and by the
adjacent glass surface. The system emissivity (thermal absorptance) for an interior or exterior
shade, taking into account reflection of long-wave radiation between the glass and shade, is
given by

w _lw

glw,sys _glw 1+ Tsh pgl
sh T ©sh 1— w _Iw
sh =gl

where pi”,v is the long-wave reflectance of the outermost glass surface for an exterior shade

or the innermost glass surface for an interior shade, and it is assumed that the long-wave
transmittance of the glass is zero.

The innermost (for interior shade) or outermost (for exterior shade) glass surface emissivity
when the shade is present is

w

glw,sys — glw Tsh
gl gl 1_ w _Iw
P Pl
Switchable Glazing

For switchable glazing, such as electrochromics, the solar and visible optical properties of the
glazing can switch from a light state to a dark state. The switching factor, fs,i.c;, determines

what state the glazing is in. An optical property, p, such as transmittance or glass layer
absorptance, for this state is given by

p= (1 - f;‘witch )plight + f;'witchpdark

where

Diight is the property value for the unswitched, or light state, and pq, is the property value for
the fully switched, or dark state.

The value of the switching factor in a particular time step depends on what type of switching

control has been specified: “schedule,” “trigger,” or “daylighting.” If “schedule,” fswiren =
schedule value, which can be 0 or 1.

Blinds

Window blinds in EnergyPlus are defined as a series of equidistant slats that are oriented
horizontally or vertically. All of the slats are assumed to have the same optical properties. The
overall optical properties of the blind are determined by the slat geometry (width, separation
and angle) and the slat optical properties (front-side and back-side transmittance and
reflectance). Blind properties for direct radiation are also sensitive to the “profile angle,” which
is the angle of incidence in a plane that is perpendicular to the window plane and to the
direction of the slats. The blind optical model in EnergyPlus is based on Simmler, Fischer and
Winkelmann, 1996; however, that document has numerous typographical errors and should
be used with caution.

The following assumptions are made in calculating the blind optical properties:
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The slats are flat.

The spectral dependence of inter-reflections between slats and glazing is ignored;
spectral-average slat optical properties are used.

m The slats are perfect diffusers. They have a perfectly matte finish so that reflection from a
slat is isotropic (hemispherically uniform) and independent of angle of incidence, i.e., the
reflection has no specular component. This also means that absorption by the slats is
hemispherically uniform with no incidence angle dependence. If the transmittance of a
slat is non-zero, the transmitted radiation is isotropic and the transmittance is
independent of angle of incidence.

m Inter-reflection between the blind and wall elements near the periphery of the blind is
ignored.

m If the slats have holes through which support strings pass, the holes and strings are
ignored. Any other structures that support or move the slats are ignored.

Slat Optical Properties

The slat optical properties used by EnergyPlus are shown in the following table.
Table 26. Slat Optical Properties

Direct-to-diffuse transmittance (same for front
and back of slat)

Diffuse-to-diffuse transmittance (same for front
and back of slat)

Front and back direct-to-diffuse reflectance

T ir dif

Taif dif

I b
Piirdgif > Plir dir

Front and back diffuse-to-diffuse reflectance

r b
P dir > Pif dif

It is assumed that there is no direct-to-direct transmission or reflection, so that 7, ,. =0,
pjl:r,d” =0, and pf,’i,,d” = 0. It is further assumed that the slats are perfect diffusers, so that

T i dif » pjl:rjd{f and p;’ir,dif are independent of angle of incidence. Until the EnergyPlus model

is improved to take into account the angle-of-incidence dependence of slat transmission and
. o _ va . f b _ b

reflection, itis assumed that 7, .= Ty ur + Puirair = Piairair » @ Pair iy = Py air -

Direct Transmittance of Blind

The direct-to-direct and direct-to-diffuse transmittance of a blind is calculated using the slat
geometry shown in Figure 62 (a), which shows the side view of one of the cells of the blind.
For the case shown, each slat is divided into two segments, so that the cell is bounded by a
total of six segments, denoted by s; through ss (note in the following that s; refers to both
segment i and the length of segment j).The lengths of s; and s, are equal to the slat
separation, h, which is the distance between adjacent slat faces. s3 and s, are the segments
illuminated by direct radiation. In the case shown in Figure 62 (a) the cell receives radiation
by reflection of the direct radiation incident on s, and, if the slats have non-zero
transmittance, by transmission through s;, which is illuminated from above.

The goal of the blind direct transmission calculation is to determine the direct and diffuse
radiation leaving the cell through s; for unit direct radiation entering the cell through s;.
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(a) )

1%

T

e

Figure 62. (a) Side view of a cell formed by adjacent slats showing how the cell is divided into segments,
s;, for the calculation of direct solar transmittance; (b) side view of a cell showing case where some of the
direct solar passes between adjacent slats without touching either of them. In this figure @s is the profile
angle and @y, is the slat angle.

Direct-to-Direct Blind Transmittance

Figure 62 (b) shows the case where some of the direct radiation passes through the cell
without hitting the slats. From the geometry in this figure we see that

i dir w
=1Ly <
h
where

_ cos(9,~ )
cos @,

Note that we are assuming that the slat thickness is zero. A correction for non-zero slat
thickness is described later.

Direct-to-Diffuse Blind Transmittance, Reflectance and Absorptance

The direct-to-diffuse and transmittance and reflectance of the blind are calculated using a
radiosity method that involves the following three vector quantities:

J; = the radiosity of segment s;, i.e., the total radiant flux into the cell from s;
G, = the irradiance on the cell side of s;
Q; = the source flux from the cell side of s;

Based on these definitions we have the following equations that relate J, G and Q for the
different segments:
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J =0

J,=0,

J, =0, +Pd1f ir G+ Tar 4 Gy

Sy =04+ T4 0 Gy +Pd,f ar Qs

Js =0, +pdzf airOs + Tair 4y G
G,

Jo=0+ Tair, dlfG + pdlf dif

In addition we have the following equation relating G and J:

where [ is the view factor between s and s,, i.e., Fis the fraction of radiation leaving

s, that is intercepted by s, .

Using J, =0, =0and J, =0, =0 and combining the above equations gives the following
equation set relating J and Q:

6 6
b
I3 = Py air Z JiF 3 = Tag air Z JiFy
= =

6
s _
~ Taif iy Z JiF pdzf,difz JiF, =0,

Jj=3

J; sz/dl/ZJ, js sz/dz/ZJ/ j6 =

Jj=3

6
Js _z-dif,difzjj pdzf dif Z j /6
=)

This can be written in the form
(145)

where X is a 4x4 matrix and

g O
Jr — J4 Q( — Q4
Js 0s
Je O

We then obtain J' from
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J! — X—IQI

The view factors, F};, are obtained as follows. The cell we are dealing with is a convex

polygon with n sides. In such a polygon the view factors must satisfy the following
constraints:

iE’j =1, i=Ln
j=1

s F. :st, i=Ln, j=1Ln

it Ji?

F.=0 i=1n

123

These constraints lead to simple equations for the view factors for n = 3 and 4. For n = 3, we
have the following geometry and view factor expression:

S, \Sa F S s, =8,
2=
\ 2s,
$1
For n =4 we have:
S2
/AN s F _d +dy—(s5+s,)
S3l > ” 4 12—
d2 -’ \d'l \ 251
) P N \
L S
S1

Applying these to the slat cell shown in Figure 63 we have the following:

d +d,-2s
F, = —
2h
E}:M R etc.
2h
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5

Figure 63. Slat cell showing geometry for calculation of view factors between the segments of the cell.

The sources for the direct-to-diffuse transmittance calculation are:

0 =0,=0,=0,=0 (and therefore J, =J, =0)

O, = T dir dif

S

@, <@, + 2 (beam hits front of slats)
0, = Pir dif 2

b
0, = Piir dif
0, = T dir dif

For unit incident direct flux, the front direct-to-diffuse transmittance and reflectance of the
blind are:

@, > @, +% (beam hits back of slats)

dirdif
Ty = G,

dir dif
Py = G,

where

~
I
%}

and J,to J, are given by Eq. (145).

The front direct absorptance of the blind is then

dir dir dif dir,dir ___dir,dif

Q= 1- Toir T oy bl f

The direct-to-diffuse calculations are performed separately for solar and visible slat properties
to get the corresponding solar and visible blind properties.

Dependence on Profile Angle

The direct-to-direct and direct-to-diffuse blind properties are calculated for direct radiation
profile angles (see Figure 62) ranging from —90~ to +90° in 5° increments. (The “profile
angle” is the angle of incidence in a plane that is perpendicular to the window and
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perpendicular to the slat direction.) In the time step loop the blind properties for a particular
profile angle are obtained by interpolation.

Dependence on Slat Angle

All blind properties are calculated for slat angles ranging from —90° to +90° in 10°
increments. In the time-step loop the slat angle is determined by the slat-angle control
mechanism and then the blind properties at that slat angle are determined by interpolation.
Three slat-angle controls are available: (1) slat angle is adjusted to just block beam solar
incident on the window; (2) slat angle is determined by a schedule; and (3) slat angle is fixed.

Diffuse-to-Diffuse Transmittance and Reflectance of Blind

To calculate the diffuse-to-diffuse properties, assuming uniformly distributed incident diffuse
radiation, each slat bounding the cell is divided into two segments of equal length (Figure 64),

ie., s;=s,and s;=s5,. For front-side properties we have a unit source, O, =1. All the

other O, are zero. Using this source value, we apply the methodology described above to
obtain G, and G;. We then have

dif dif _
Toip T G,
dif dif __
Poiy = G,
dif dif dif dif dif

Xy p = 1- T T Puy

The back-side properties are calculated in a similar way by setting O, = 1 with the other
Q. equal to zero.

The diffuse-to-diffuse calculations are performed separately for solar, visible and IR slat
properties to get the corresponding solar, visible and IR blind properties.

P
1]

5 G
5
/

Figure 64. Slat cell showing arrangement of segments and location of source for calculation of diffuse-to-
diffuse optical properties.

Blind properties for sky and ground diffuse radiation

For horizontal slats on a vertical window (the most common configuration) the blind diffuse-
to-diffuse properties will be sensitve to whether the radiation is incident upward from the
ground or downward from the sky (Figure 65). For this reason we also calculate the following
solar properties for a blind consisting of horizontal slats in a vertical plane:

,fl”‘f,’d” % = front transmittance for ground diffuse solar
T;fyj‘f"i’(’dif = front transmittance for sky diffuse solar
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bgl’”;_d’f’d"f =front reflectance for ground diffuse solar
plffyffd'f’d" = front reflectance for sky diffuse solar
gnd—dif dif __ .
Ay s = front absorptance for ground diffuse solar
a,) " = front absorptance for sky diffuse solar

These are obtained by integrating over sky and ground elements, as shown in Figure 65,
treating each element as a source of direct radiation of intensity /(¢,) incident on the blind

at profile angle ¢@,. This gives:

/2

[ [z @)+ (8,) |1, (8, c0s $,dg,

shy—dif dif 0
Toif

/2
[ 1,,(8,)c0s4,d4,
0
/2
[ £ 1, (8, cos gd,
pury " =
[ 1,,(8,)cos g dp,
0
/2
[ e 1,,(p)cos gdg,
aiffif_dyr == 772
[ 1,,(8,)c0sg,dg,
0
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Figure 65. Side view of horizontal slats in a vertical blind showing geometry for calculating blind
transmission, reflection and absorption properties for sky and ground diffuse radiation.

We assume that the sky radiance is uniform. This means that [ is independent of o,
giving:
/2
sky—dif ,dif __ dir dir dir dif
ol = J. [Tbl,f + Ty s :|C0s¢sd¢s
0

/2
sky=dif ,dif _ dir dif
Pui.y = J Py cosddp,
0

/2
sky—dif __ dir
Qo = J.abl,_/' cosg.dg,
0

The corresponding ground diffuse quantities are obtained by integrating ¢ from —7 /2 to 0.

An improvement to this calculation would be to allow the sky radiance distribution to be non-
uniform, i.e., to depend on sun position and sky conditions, as is done in the detailed
daylighting calculation (see “Sky Luminance Distributions” under “Daylight Factor
Calculation”).

Correction Factor for Slat Thickness

A correction has to be made to the blind transmittance, reflectance and absorptance
properties to account for the amount of radiation incident on a blind that is reflected and

9/30/04

153



DAYLIGHTING AND WINDOW CALCULATIONS WINDOW CALCULATION MODULE

absorbed by the slat edges (the slats are assumed to be opaque to radiation striking the slat
edges). This is illustrated in Figure 66 for the case of direct radiation incident on the blind.
The slat cross-section is assumed to be rectangular. The quantity of interest is the fraction,
Jedge: Of direct radiation incident on the blind that strikes the slat edges. Based on the
geometry shown in Figure 66 we see that

tcosy _ tcos(p,—=¢&)  tsin(p, —@,)

fedge = - -
t t ¢
h+ CoS @, h+ CoS @, h+— Cos @,
cosé cosé sin @,

The edge correction factor for diffuse incident radiation is calculated by averaging this value
of f.4. OVer profile angles, ¢, from —90° to +90°.

As an example of how the edge correction factor is applied, the following two equations show
how blind front diffuse transmittance and reflectance calculated assuming zero slat thickness
are modified by the edge correction factor. It is assumed that the edge transmittance is zero
and that the edge reflectance is the same as the slat front reflectance, p,.

dif dif dif dif
Tory o 2 Ty (1 B fedge)

dif dif
Pty 7 Py (1 - fedge ) + fedgepf
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7t~ (hH/coz)sind
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£

Figure 66. Side view of slats showing geometry for calculation of slat edge correction factor for incident
direct radiation.

Comparison with ISO 15099 Calculation of Blind Optical Properties

Table 27 compares EnergyPlus and 1ISO 15099 [2001] calculations of blind optical properties
for a variety of profile angles, slat angles and slat optical properties. The ISO 15099
calculation method is similar to that used in EnergyPlus, except that the slats are divided into
five equal segments. The ISO 15099 and EnergyPlus results agree to within 12%, except for
the solar transmittances for the 10-degree slat angle case. Here the transmittances are small
(from 1% to about 5%) but differ by about a factor of up to two between ISO 15099 and
EnergyPlus. This indicates that the slats should be divided into more than two segments at
small slat angles.
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Table 27. Comparison of blind optical properties calculated with the EnergyPlus and ISO 15099 methods.
EnergyPlus values that differ by more than 12% from ISO 15099 values are shown in bold italics.

Slat properties

Separation (m) 0.012 0.012 0.012 0.012 0.012
Width (m) 0.016 0.016 0.016 0.016 0.016
Angle (deg) 45 45 45 10 45
IR transmittance 0.0 0.0 0.0 0.0 0.4
IR emissivity, front side 0.9 0.9 0.9 0.9 0.55
IR emissivity, back side 0.9 0.9 0.9 0.9 0.55
Solar transmittance 0.0 0.0 0.0 0.0 0.4
Solar reflectance, front 0.70 0.55 0.70 0.70 0.50
side

Solar reflectance, back 0.70 0.55 0.40 0.40 0.50
side

Solar Profile angle (deg) ‘ 0 ‘ 60 ‘ 0 | 60 ‘ 0 ‘ 60 ‘ 0 | 60 ‘ 0 ‘ 60

Calculated blind properties (first row = ISO 15099 calculation, second row (in italics) = EnergyPlus calculation)

Front solar 0.057 0.0 0.057 0.0 0.057 0.0 0.0 0.0 0.057 0.0
transmittance, direct to 0.057 0.0 0.057 0.0 0.057 0.0 0.0 0.0 0.057 0.0
direct

Back solar transmittance, | 0.057 0.310 0.057 0.310 0.057 0.310 0.0 0.088 0.057 0.310
direct to direct 0.057 0.309 0.057 0.309 0.057 0.309 0.0 0.087 0.057 0.309
Front solar 0.141 0.073 0.090 0.047 0.096 0.051 0.012 0.005 0.373 0.277

transmittance, direct to 0.155 0.074 0.100 0.048 0.104 0.051 0.019 0.006 0.375 0.275
diffuse

Back solar transmittance, | 0.141 0.288 0.090 0.216 0.076 0.271 0.011 0.027 0.373 0.306

direct to diffuse 0.155 0.284 0.100 0.214 0.085 0.269 0.019 0.052 0.375 0.304
Front solar reflectance, 0.394 0.558 0.295 0.430 0.371 0.544 0.622 0.678 0.418 0.567
direct to diffuse 0.389 0.558 0.293 0.431 0.368 0.546 0.636 0.679 0.416 0.568
Back solar reflectance, 0.394 0.103 0.295 0.066 0.216 0.070 0.356 0.273 0.418 0.273
direct to diffuse 0.389 0.115 0.293 0.074 0.214 0.077 0.363 0.272 0.416 0.275
Front solar 0.332 0.294 0.291 0.038 0.495
transmittance, 0.338 0.298 0.295 0.053 0.502
hemispherical diffuse to

Back solar transmittance, 0.332 0.294 0.291 0.038 0.495
hemispherical diffuse to 0.338 0.298 0.295 0.053 0.502
diffuse

Front hemispherical IR 0.227 0.227 0.227 0.0245 0.385
transmittance 0.227 0.227 0.227 0.025 0.387
Back hemispherical IR 0.227 0.227 0.227 0.0245 0.385
transmittance 0.227 0.227 0.227 0.025 0.387
Front hemispherical IR 0.729 0.729 0.729 0.890 0.536
emissivity 0.730 0.730 0.730 0.895 0.534
Back hemispherical IR 0.729 0.729 0.729 0.890 0.536
emissivity 0.730 0.730 0.730 0.895 0.534

9/30/04 156




DAYLIGHTING AND WINDOW CALCULATIONS WINDOW CALCULATION MODULE

Blind/Glazing System Properties for Short-Wave Radiation

When a blind is in place we have the following expressions for the system transmittance, the
system glass layer absorptance, and the system blind absorptance, taking inter-reflection
between blind and glazing into account. The system properties, indicated by “sys,” are given
in terms of the isolated blind properties (i.e., blind properties in the absence of the glazing)—
indicated by “bl” —and the isolated glazing properties (i.e., glazing properties in the absence
of the blind)—indicated by “gl.”

Interior Blind
The system properties when an interior blind is in place are the following:

z_dif pdir,dzf (¢ )Rdif
dir all _ mdi dir dir dir dif bLfI7blf b
T (0.0)=T,"(9)| 7, ;" () + 7y " (9)+ T Ri,l-,- .

T Pl elb

Ty (g P (8)

A5 (8,80 = A, (D) + » J=LN

dir dif _dif
dirsvs di di Py (¢,)R 1601 f
ay 7 (9,9)=T," (9| @ (4,)+ " o ;dif

N TN AR
dif _dif .dif
dif \dif __ Tgl z-bl,f
fosys T dif pdif
1- pbl,ngl,b
dif _sky—dif dif
sky—dif dif _ Tgl Cors
Sssys o sky—dif pdif
l_pbl,f Rgl,b
dif _and—dif ,dif
rgnd—dif dif _ Tgl otz
Sasys - gnd—dif pdif
l_pbl,f Rgl,b
dif dif  4dif
Adif,sys _Adif +Tgl pbl,nglJ,b i=1.N
ghjf el T dif pdif 0 ST
i, el b
dif Sky—difAdif
sky—dif ,sys __ 4dif gl bl f gl,j,b P
Ay 7 = Ayt wodrpar > J=LN
1- R
Py Bap
Tdif gﬂd*difAdi/'
gnd—dif sys _ 4dif gl I7bLf gl,j.b . _
Agl,j,f _Aglaj,f—’_ 1— gndfdifRdif > ]_I’N
Pl r alb
dif _ dif
a;l[szys — T;ﬂ abl,f
B dif  pdif
L=y Rt
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dif ., sky—dif
sky—dif sys _ T, o,
bl.f - sky—dif pdif
l_pbl,f Rgl,b
dif _ gnd—dif
gnd—dif ,sys __ Tgl abl,f
bl, f - gnd—dif pdif
l_pbl,f Rgl,b

Exterior Blind
The system properties when an exterior blind is in place are the following:

dif pdir _dir.dif dir dif dif

Tdir,all( )= dir,dir( ) Tdir( )+ ngll Rgll,rfpbll,rbl (77 (¢s)7;ll

fasys ¢7 ¢s - z-bl,f ¢s gl ¢ 1 Rd!f dif 1 Rdif dif
Ry Prip Ly Prip

. s e
Ay (800 =T " (@) Ay () +

(5l GRS DAt B+ il GV Al
1-RY o), ’ ’

gl..

dir,sys di di di dir di
abll,rfm (9,9,) = abll,rf @)+ abll,rb (&, )Rgll,rf (¢)szl,rf "(g)+

a®™ R
bl,b" el f di dir di di dirdi
1= g (R @i )pi@) + 5 6)
bl,b" Vgl f
dif ,dif o if

aif dif __oi.p Lgl
favs T dif _dif
1- Rgl,fpbl,b

sky—dif dif apdif
sky—dif dif _ CblLf T,

Sisys dif _dif
1- Rgl, Pl

gnd —dif dif Tdif

gnd—dif dif _ “bl.f gl

Sasys - dif . dif
1- Rgl,fpbl,b

dif dif dif

arss _ Tolg Ay LN

if T{_pal par > ST
ol f Pbib

phy-dif dift gdif
Asky—dzf,sys _ by glj.f ; _1 N
gl.j.f B l_Rdif dif ° J=5
ol 1 Pbib

gnd—dif . dif jdif

gnd—dif ,sps __ “blf ghj.f :
Ay = R i T LN
o1 Phlp

9/30/04 158



DAYLIGHTING AND WINDOW CALCULATIONS WINDOW CALCULATION MODULE

Al pdif

dif sys ___dif bl.f g/ dif
Qo =Cy +1 R i 279
T B 7 Pl
Sky—dif,dlfRdif
ot _ psh-dir | oLy sl _dif
bl.f =y B
of, £ Pl

gnd—dif dif pdif

agnd—d[f,sys ___gnd—dif bl f gl,f _ dif
bl f LS 1— R Hdf bl,b
ol.f Pbip

Blind/Glazing System Properties for Long-Wave Radiation

The program calculates how much long-wave radiation is absorbed by the blind and by the
adjacent glass surface. The effective emissivity (long-wave absorptance) of an interior or
exterior blind, taking into account reflection of long-wave radiation between the glass and
blind, is given by

w _Iw

weff _ _Iw z./’)1 pgl
& =g 1+————
bl bl 1 o
Phi Pgi

where pfi,‘,“ is the long-wave reflectance of the outermost glass surface for an exterior blind or
the innermost glass surface for an interior blind, and it is assumed that the long-wave
transmittance of the glass is zero.

The effective innermost (for interior blind) or outermost (for exterior blind) glass surface
emissivity when the blind is present is

w
gl _ o [
gl T el 1_ w _Iw
b1 Pgl

The effective inside surface emissivity is the sum of the effective blind and effective glass
emissivities:

glw,eﬁ‘ — gg;v,eﬁ” +g§lv,eﬁ

ins

The effective temperature of the blind/glazing combination that is used to calculate the
window’s contribution to the zone’s mean radiant temperature (MRT) is given by

Iw,eff

w,eff
En Ty teEy Ty

Iw,eff Iw,eff
&y téEy

T =

Solar Radiation Transmitted and Absorbed by a Window/Blind System

Let the direct solar incident on the window be

2
Idir,inc = ﬁunlitldir,nnrm Cos ¢ (W / m )
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where f, .is the fraction of the window that is sunlit (determined by the shadowing

calculations), / is the direct normal solar irradiance, and ¢ is the angle of incidence.

dir ,norm

Let Isky,inc
and let [

gnd ,inc
(W/m?).

be the irradiance on the window due to diffuse solar radiation from the sky (W/m?)

be the irradiance on the window due to diffuse solar radiation from the ground

Then we have the following expressions for different classes of transmitted and absorbed
solar radiation for the window/blind system (where ¢, is the direct solar profile angle), all in

W/m?:
Direct solar entering zone from incident direct solar:

d Jdi
dn Jne” f l:vs " (¢ ¢ )

Diffuse solar entering zone from incident direct solar:

d d
dlr inc fl;yslf(¢ ¢ )

Direct solar absorbed by blind:

di
dll Jinc bl";}?(¢ ¢ )

Direct solar absorbed by glass layers:

Ly e A2 (4,8),  j=1,N

dir,inc*"gl,j,f
For windows whose blinds have vertical slats:

Diffuse solar entering zone from incident diffuse solar:

dlf dif
+ Ignd mc) f.sys

(Isky,inc

Diffuse solar absorbed by blind:

dif ,sys
(Isky,inc + ]gnd,inc )abl,f

Diffuse solar absorbed by glass layers:

(!

sky inc

+1 AW j=1,N

gnd,im) gl,j.f

For windows of tilt angle ¥ whose blinds have horizontal slats:
(vertical windows have tilt = 90°, horizontal windows have tilt = 0°)

Diffuse solar entering zone from incident diffuse solar:
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sky—dif dif |cosy | [cosy | gnd—dif dif
Tf,sys (1 - 2 [sky,inc + gnd jinc + 77}‘,sys
Diffuse solar absorbed by blind:
sky—dif ,sys | Cosy | | COSy | gnd—dif ,sys
Qyry (1 - ) Loine + 5 1 ogine |+

Diffuse solar absorbed by glass layers:

Aslg/—d{f,sys

glj.f

gnd—dif ,sys

gl.j.f

|cosy |

|cosy |
|:{1 _T [sky,inc +

Window Heat Balance Calculation

_|c0s7/|

_|cos7/|

Ignd,inc :| +

[cosy | [cosy | :
|:T Isky,inc + 1_ 2 Ignd,inc s J= 1’ N

[sky,inc

|cosy | ]
+(1_ 2 Ignd,inc

|cosy |
Isky,inc + (1 - 2 Ignd,inc

Table 28. Fortran Variables used in Window Heat Balance Calculations

Mathematical Description Units FORTRAN variable
variable
N Number of glass layers - nlayer
o Stefan-Boltzmann constant sigma
3 Emissivity of face i - emis
ki Conductance of glass layer i W/m%K | scon
ho, hi Outside, inside air film W/m?*K | hcout, hcout
convective conductance
hi Conductance of gap j W/m%K | hgap
To, Ti Outside and inside air K tout, tin
temperature
Eo, Ei Exterior, interior long-wave W/m? outir, rmir
radiation incident on window
0 Temperature of face i K thetas
S Radiation (short-wave, and W/m? AbsRadGlassFace
long-wave from zone internal
sources) absorbed by face i
1 Exterior beam normal solar W/m? BeamSolarRad
intensity
1t Exterior diffuse solar intensity W/m? -
on glazing
|i”tSW Interior short-wave radiation W/m? QS
(from lights and from reflected
diffuse solar) incident on
glazing from inside
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int
™ iw

Long-wave radiation from
lights and equipment incident
on glazing from inside

W/m?

QL

Angle of incidence

radians

Front beam solar
absorptance of glass layer j

f.dif , b,dif

Front and back diffuse solar
absorptance of glass layer j

AbsDiff, AbsDiffBack

Matrices used to solve
glazing heat balance
equations

W/m?,
W/m2-K

Aface, Bface

Radiative conductance for
face i

W/m?-K

hr(i)

AB;

Difference in temperature of
face i between successive
iterations

The Glazing Heat Balance Equations

The window glass face temperatures are determined by solving the heat balance equations
on each face every time step. For a window with N glass layers there are 2N faces and
therefore 2N equations to solve. Figure 67 shows the variables used for double glazing

(N=2).

Outside

Glass
layer #1

Glass
layer #2

Inside

Figure 67. Glazing system with two glass layers showing variables used in heat balance equations.

The following assumptions are made in deriving the heat balance equations:

1) The glass layers are thin enough (a few millimeters) that heat storage in the glass can be
neglected; therefore, there are no heat capacity terms in the equations.

2) The heat flow is perpendicular to the glass faces and is one dimensional. See “Edge of
Glass Corrections,” below, for adjustments to the gap conduction in multi-pane glazing to
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account for 2-D conduction effects across the pane separators at the boundaries of the
glazing.

3) The glass layers are opaque to IR. This is true for most glass products. For thin plastic
suspended films this is not a good assumption, so the heat balance equations would
have to be modified to handle this case.

4) The glass faces are isothermal. This is generally a good assumption since glass
conductivity is very high.

5) The short wave radiation absorbed in a glass layer can be apportioned equally to the two
faces of the layer.

The four equations for double-glazing are as follows. The equations for single glazing (N=1)

and for N=3 and N=4 are analogous and are not shown.

E & —€06, +k(6,-6,)+h,(T,-6,)+S =0 (146)
&€

k(6,-6,)+h(6,-6 == 0, -6)+S,=0 147

1( 1 2)+ 1( 3 2)+O-1—(1—82)(1—6‘3)( 3 2)+ 2 (147)
&,E

0,-0,)+k,(0,-0 2 0, —6;)+S,=0 148

(6, =0;) + k, (6, 3)+O-1—(1—82)(1—6‘3)( 2 3)+ 3 (148)

Eg, —&,00, +k,(0,-6,)+h (T, -6,)+S, =0 (149)

Absorbed Radiation

S; in Egs. (146) to (149) is the radiation (short-wave and long-wave from zone lights and

equipment) absorbed on the i"™ face. Short-wave radiation (solar and short-wave from lights)
is assumed to be absorbed uniformly along a glass layer, so for the purposes of the heat
balance calculation it is split equally between the two faces of a layer. Glass layers are
assumed to be opaque to IR so that the thermal radiation from lights and equipment is

assigned only to the inside (room-side) face of the inside glass layer. For N glass layers S;is
given by

S, =8, = 5(1@“ cosgA] (§)+ 15 A +InAM),  j=1toN

J bm j

_ int
S2N - SZN + gZNIIW

Here

12 = exterior beam normal solar intensity

bm

I;;f. = exterior diffuse solar incident on glazing from outside

Ii‘:: = interior short-wave radiation (from lights and from reflected diffuse solar) incident on

S

glazing from inside

I;f;t = long-wave radiation from lights and equipment incident on glazing from inside

&, = emissivity (thermal absorptance) of the room-side face of the inside glass layer
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Solving the Glazing Heat Balance Equations
The equations are solved as follows:

1) Linearize the equations by defining 7, ; = gioﬂf. For example, Eq. (146) becomes
E&—h 6 +k(6,-6)+h (T,—6,)+S =0

2) Write the equations in the matrix form A6 = B

3) Use previous time step’s values of &, as intitial values for the current time step. For the

first time step of a design day or run period the initial values are estimated by treating the
layers as a simple RC network.

4) Save the @, for use next iteration: &

prev,i

-0
5) Using the 6, evaluate the radiative conductances /, ;

6) Find the solution 8 = A™' B by LU decomposition

7) Perform relaxation on the the new 6,: 6, — (491 +6

prev,i ) / 2
8) Gotostep4

Repeat steps 4 to 8 until the difference, A@,, between values of the &, in successive
iterations is less than some tolerance value. Currently, the test is

1 2N
— Y |A6| <0.02K
2N 5

If this test does not pass after 100 iterations, the tolerance is increased to 0.2K. If the test still
fails the program stops and an error message is issued.

The value of the inside face temperature, 02N , determined in this way participates in the

zone heat balance solution (see External Convection) and thermal comfort calculation (see
Thermal Comfort (Heat Balance)).

Edge-Of-Glass Effects

Table 29. Fortran Variables used in Edge of Glass calculations

Mathematical Description Units FORTRAN variable
variable
h Area-weighted net conductance W/m%K | -

of glazing including edge-of-
glass effects

N

Ace Area of center-of-glass region m CenterGlArea
Afe Area of frame edge region m? FrameEdgeArea
Ade Area of divider edge region m? DividerEdgeArea
Ao Total glazing area m? | Surface%Area

Conductance of center-of-glass | W/m*K | -

heg : . S
region (without air films)
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hfe Conductance of frame edge W/m?K | -
region (without air films)
hde Conductance of divider edge W/m%K | -
region (without air films)
hek Convective conductance of gap | W/m*-K | -
k
hri Radiative conductance of gap k | W/m*K | -
n Area ratio - -
a Conductance ratio - FrEdgeToCenterGICondRatio,
DivEdgeToCenterGICondRatio

Because of thermal bridging across the spacer separating the glass layers in multi-pane
glazing, the conductance of the glazing near the frame and divider, where the spacers are
located, is higher than it is in the center of the glass. The area-weighted net conductance
(without inside and outside air films) of the glazing in this case can be written

h= (Acghcg + Afehfe + Adehde)/Atat (150)

where

h¢e = conductance of center-of-glass region (without air films)
hy. = conductance of frame edge region (without air films)

hge = conductance of divider edge region (without air films)
Acg = area of center-of-glass region

Ay, = area of frame edge region

Age = area of divider edge region

Ay = total glazing area = AQg + Afe +A4,

The different regions are shown in Figure 68:
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[ ] Center-of-glass
region

[ ] Frame-edge
region

] Divider-edge
region

Frame

Divider

Figure 68: Different types of glass regions.

Equation (150) can be rewritten as

Z:hcg (ncg+afenfé+ade77de) (151)
where
ncg = Acg /Atot
77fe = Afe /Atot
nde = Ade / Atot
a,=h,/h,
ade = hde /hcg

The conductance ratios &, and «,, are user inputs obtained from Window 5. They depend

on the glazing construction as well as the spacer type, gap width, and frame and divider type.

In the EnergyPlus glazing heat balance calculation effective gap convective conductances
are used to account for the edge-of-glass effects. These effective conductances are
determined as follows for the case with two gaps (triple glazing). The approach for other
numbers of gaps is analogous.

Neglecting the very small resistance of the glass layers, the center-of-glass conductance
(without inside and outside air films) can be written as

e =((ha+h) + (o v i) )

where
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h, , =convective conductance of the k" gap

h, , =radiative conductance of the K" gap

—(I—C;i)/(l—gj)

&;,€; = emissivity of the faces bounding the gap

1
=—0
21

(0+0,)

6,,0, =temperature of faces bounding the gap (K)

Equation (151) then becomes

h= (ch T T X ) ((hr,l +h,, )_1 + (hr,Z +h,, )_l )_l (152)

We can also write / in terms of effective convective conductances of the gaps as

— — -l — 1)

h= ((h,,l ther) (B, +hes) ) (153)
Comparing Egs. (152) and (153) we obtain

By +her = (nc'g TN+ Ayl ) (hr,k +h., )

Using 7., =1-1, -1, gives

hex =h, (Ufe (afe _1)+ Mae (ade _1)) +h, (1 17 (afe - 1) T T4e (ade _1))

This is the expression used by EnergyPlus for the gap convective conductance when a frame

or divider is present.

Apportioning of Absorbed Short-Wave Radiation in Shading Device Layers

If a shading device has a non-zero short-wave transmittance then absorption takes place
throughout the shading device layer. The following algorithm is used to apportion the
absorbed short-wave radiation to the two faces of the layer. Here f; is the fraction assigned to
the face closest to the incident radiation and f is the fraction assigned to the face furthest

from the incident radiation.
f1 :l,f2 =0 ifrsh =0

Otherwise
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f£,=0,f=0 ifa, <0.01
fi=1,1,=0 ifa, >0.999

L in(i-ay,)
[= 1-e?
ST (001<a, <0.999
fH=1-1

Window Frame and Divider Calculation

For the zone heat balance calculation the inside surface temperature of the frame and that of
the divider are needed. These temperatures are determined by solving the heat balance

equations on the inside and outside surfaces of the frame and divider.
Table 30. Fortran Variables used in Window/Frame and Divider calculations

Mathematical Description Units FORTRAN variable
variable
QExtIR abs IR from the exterior surround w -
absorbed by outside frame
surfaces
QIR emitted IR emitted by outside frame w -
surfaces
Qconv Convection from outside air to w -
outside frame surfaces
Qcond Conduction through frame W -
from inside frame surfaces to
outside frame surfaces
Qabs Solar radiation plus outside w -
glass IR absorbed by outside
of frame
QM bs.sol Diffuse solar absorbed by wim? |-
outside frame surfaces, per
unit frame face area
Qbmabs,sol Beam solar absorbed by W/ m? -
outside frame surfaces, per
unit frame face area
19 Diffuse solar incident on Wim? | -
window
|bmext Direct normal solar irradiance W/ m? -
ool Solar absorptance of frame - FrameSolAbsorp
Rglf’dif Front diffuse solar reflectance -
of glazing
Rglf'bm Front beam solar reflectance -
of glazing
cos(Bface) Cosine of angle of incidence CoslIncAng
of beam solar on frame
outside face
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Cos(Bn)

Cosine of angle of incidence
of beam solar on frame
projection parallel to window
X-axis

CoslIncAngHorProj

Cos(Bv)

Cosine of angle of incidence
of beam solar on frame
projection parallel to window
y-axis

CosIncAngVertProj

fsunlit

Fraction of window that is
sunlit

SunlitFrac

As

Area of frame’s outside face
(same as area of frame’s
inside face)

Ap1 ’ Ap2

Area of frame’s outside and
inside projection faces

Fr

Form factor of frame’s outside
or inside face for IR

Fp1s I:p2

Form factor of frame outside
projection for exterior IR; form
factor of frame inside
projection for interior IR

Eo

Exterior IR incident on
window plane

W/m?

outir

Ei

Interior IR incident on window
plane

W/m?

SurroundIRfromParentZone

€1, &2

Outside, inside frame surface
emissivity

FrameEmis

01, 6,

Frame outside, inside surface
temperature

FrameTempSurfOut,
FrameTempSurfln

TOv Tl

Outside and inside air
temperature

tout, tin

ho,c, hi,c

Frame outside and inside air
film convectinve conductance

Wim2-K

HOutConv, HInConv

k

Effective inside-surface to
outside-surface conductance
of frame per unit area of
frame projected onto window
plane

W/m?-K

FrameConductance,
FrameCon

S1

Qabs/Af

W/m2-K

FrameQRadOutAbs

Sz

Interior short-wave radiation
plus interior IR from internal
sources absorbed by inside of
frame divided by As

W/m2-K

FrameQRadIlnAbs

N1, N2

AptlAs, Aol As

Height of glazed portion of
window

Surface%Height

Width of glazed portion of
window

Surface%Width

Wf, Wd

Frame width, divider width

FrameWidth, DividerWidth
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P, P2 Frame outside, inside m FrameProjectionOut,
projection FrameProjectionin
Nph, Ny Number of horizontal, vertical - HorDividers, VertDividers
dividers
Tor Tir Frame outside, inside K TOutRadFr, TInRadFr
T radiative temperature
ho.r, hir Frame outside, inside surface W/m?-K HOutRad, HInRad
radiative conductance
A Intermediate variable in frame K Afac
heat balance solution
C Intermediate variable in frame - Efac
heat balance solution
B,D Intermediate variables in - Bfac, Dfac
frame heat balance solution

Frame Temperature Calculation

Figure 69 shows a cross section through a window showing frame and divider. The outside
and inside frame and divider surfaces are assumed to be isothermal. The frame and divider
profiles are approximated as rectangular since this simplifies calculating heat gains and
losses (see “Error Due to Assuming a Rectangular Profile,” below).

Wall

Frame Frame width

Frame outside projection—p| 4L ¢ Frame inside projection

<4— Double-pane glazing

Divider —E :[ _____ Divider width

. € Divider insi I
Divider outside projection —»! hdt ! Divider inside projection

___ Spacer
Frame

Wall

Figure 69. Cross section through a window showing frame and divider (exaggerated horizontally).

Frame Outside Surface Heat Balance

The outside surface heat balance equation is
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QExth,abs - QIR,emitted + Qconv + Qcond + Qabs = 0

where

Opumasrs = IR from the exterior surround (sky and ground) absorbed by outside frame
surfaces

O eminea = |R emitted by outside frame surfaces

Q... = convection from outside air to outside frame surfaces
Q... = conduction through frame from inside frame surfaces to outside frame surfaces

Q.. = solar radiation (from sun, sky and ground) plus IR from outside window surface
absorbed by outside frame surfaces (see “Calculation of Absorbed Solar Radiation,” below).

The first term can be written as the sum of the exterior IR absorbed by the outside face of the
frame and the exterior IR absorbed by the frame’s outside projection surfaces.

Oriroans = 51E0A/'Ff +&E,4,F

o“ " pl” pl

where ¢/ is the outside surface emissivity.

The exterior IR incident on the plane of the window, E,, is the sum of the IR from the sky,
ground and obstructions. For the purposes of the frame heat balance calculation it is

assumed to be isotropic. For isotropic incident IR, /= 1.0 and F},; = 0.5, which gives

1
QExt]R,abs =¢E, (Af + E Apl)
The IR emitted by the outside frame surfaces is

Qg eminea =60 (A, + 4, )6;
The convective heat flow from the outside air to the outside frame surfaces is
Qo = h, (A + AT, =6)
The conduction through the frame from inside to outside is
Oeond = kAf 6,-6)
Note that Ay is used here since the conductance, £, is, by definition, per unit area of frame

projected onto the plane of the window.
Adding these expressions for the O terms and dividing by 4y gives

1
E051[1+5771j—51(1+771)6?14 +h, (1+n)(T,-6,)+k(6,-6,)+S,=0 (154)

where S; = Qu/Ar and

9/30/04

171



DAYLIGHTING AND WINDOW CALCULATIONS WINDOW HEAT BALANCE CALCULATION

w

_@:(pf,IJHW—(NﬁNV)wd
y

= A, H+W +2w,

We linearize Eq. (154) as follows.
Write the first two terms as

el<1+m)[Ega+§m>/<l+m)—9f]

and define a radiative temperature

1
T, =[E, +5771)/(1 +7)1"

This gives
& (1 +1 )[7:)4)’ - 614]

which, within a few percent, equals

&(l+n)

(7,,+6)’
’TI(TO,V_Q)

Defining an outside surface radiative conductance as follows

T +6,)
ho,r = 81(1 + UI)M
2
then gives
ho,r (T:),r - 61)

The final outside surface heat balance equation in linearized form is then
hw(To’r -0)+ hu,c(l +n)T, -6)+k(0,-6)+S,=0 (155)

Frame Inside Surface Heat Balance

A similar approach can be used to obtain the following linearized inside surface heat balance
equation:

hi,r(];,r _‘92)+hi,c(1 + 772)(]; _02)+k(91 _02)+S2 =0 (156)

where

1
];,r = [Ei(1+5772)/(1+772)]]/4
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= H+W +2w,

% Wy

4, _ [p,,2 } H+W—(N,+N,)w,

and E; is the interior IR intensity incident on the plane of the window.
Solving Egs. (155) and (156) simultaneously gives

D+CA
0, =———
1-CB

with

h, T, +h, T +8S,

o,r—o,r

h,,+k+h,,

ok
@J+k+@£

3 k
h,+k+h,

hi,rY—;,r + hi,c]—; + SZ
h,+k+h,,

Calculation of Solar Radiation Absorbed by Frame

The frame outside face and outside projections and inside projections absorb beam solar
radiation (if sunlight is striking the window) and diffuse solar radiation from the sky and
ground. For the outside surfaces of the frame, the absorbed diffuse solar per unit frame face
area is

Qdf = Idfaﬁ‘,sal (Af + FplApl ) / Af - Iei{aﬁ»wl Ll + O_SA_PI\]

abs ,sol ext
f

If there is no exterior window shade, Id’fext includes the effect of diffuse solar reflecting off of
the glazing onto the outside frame projection, i.e.,

18— I (1+ R

ext ext

The beam solar absorbed by the outside face of the frame, per unit frame face area is

bm, face __ ybm
Qabs,sol - [ext afr,sol cos IBfacef;'unlit

The beam solar absorbed by the frame outside projection parallel to the window x-axis is

b b
Qa;ns,sol - Iegafr,sol COsS ﬂhpfl (W - Nde )f;unlit / Af
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Here it is assumed that the sunlit fraction, £, for the window can be applied to the window
frame. Note that at any given time beam solar can strike only one of the two projection
surfaces that are parallel to the window x-axis. If there is no exterior window shade, Ibmext
includes the effect of beam solar reflecting off of the glazing onto the outside frame
projection, i.e.,

s (1 +R™ )

ext ext

The beam solar absorbed by the frame outside projection parallel to the window y-axis is

bmy b
Qa[’:;,:ol - Iegaﬁ’,wl COS ﬂvpfl (H - Nh Wd )-f;unlit /Af

Using a similar approach, the beam and diffuse solar absorbed by the inside frame
projections is calculated, taking the transmittance of the glazing into account.

Error Due to Assuming a Rectangular Profile

Assuming that the inside and outside frame profile is rectangular introduces an error in the
surface heat transfer calculation if the profile is non-rectangular. The percent error in the
calculation of convection and emitted IR is approximately

100|L L /L

profile,rect profile,actual
profile (wy + ps for outside of frame or wy + py for inside of frame) and L, ofite,acual is the
actual profile length. For example, for a circular profile vs a square profile the error is about
22%. The error in the calculation of absorbed beam radiation is close to zero since the beam
radiation intercepted by the profile is insensitive to the shape of the profile. The error in the
absorbed diffuse radiation and absorbed IR depends on details of the shape of the profile.
For example, for a circular profile vs. a square profile the error is about 15%.

where L, ofile rect is the profile length for a rectangular

profile,rect

Divider Temperature Calculation

The divider inside and outside surface temperatures are determined by a heat balance
calculation that is analogous to the frame heat balance calculation described above.

Beam Solar Reflection from Window Reveal Surfaces

This section describes how beam solar radiation that is reflected from window reveal surfaces
is calculated. Reflection from outside reveal surfaces—which are associated with the setback
of the glazing from the outside surface of the window’s parent wall—increases the solar gain
through the glazing. Reflection from inside reveal surfaces—which are associated with the
setback of the glazing from the inside surface of the window’s parent wall—decreases the
solar gain to the zone because some of this radiation is reflected back out of the window.

The amount of beam solar reflected from reveal surfaces depends, among other things, on
the extent to which reveal surfaces are shadowed by other reveal surfaces. An example of
this shadowing is shown in Figure 70. In this case the sun is positioned such that the top
reveal surfaces shadow the left and bottom reveal surfaces. And the right reveal surfaces
shadow the bottom reveal surfaces. The result is that the left/outside, bottom/outside,
left/inside and bottom/inside reveal surfaces each have sunlit areas. Note that the top and
right reveal surfaces are facing away from the sun in this example so their sunlit areas are
zero.
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Inside
reveal \ ~ Glazing
surfaces
> Shadow
Outside /

reveal
surfaces

Figure 70. Example of shadowing of reveal surfaces by other reveal surfaces.

The size of the shadowed areas, and the size of the corresponding illuminated areas,
depends on the following factors:

m  The sun position relative to the window
m  The height and width of the window
m  The depth of the outside and inside reveal surfaces

We will assume that the reveal surfaces are perpendicular to the window plane and that the
window is rectangular. Then the above factors determine a unique shadow pattern. From the
geometry of the pattern the shadowed areas and corresponding illuminated areas can be
determined. This calculation is done in subroutine
CalcBeamSolarReflectedFromWinRevealSurface in the SolarShading module. The window
reveal input data is specified in the WindowFrameAndDivider object expect for the depth of
the outside reveal, which is determined from the vertex locations of the window and its parent
wall.

If an exterior shading device (shade or blind) is in place it is assumed that it blocks beam
solar before it reaches outside or inside reveal surfaces. Correspondingly, it is assumed that
an interior or between-glass shading device blocks beam solar before it reaches inside reveal
surfaces.

Representative shadow patterns are shown in Figure 71 for a window with no shading device,
and without and with a frame. The case with a frame has to be considered separately
because the frame can cast an additional shadow on the inside reveal surfaces.

The patterns shown apply to both vertical and horizontal reveal surfaces. It is important to
keep in mind that, for a window of arbitrary tilt, if the left reveal surfaces are illuminated the
right surfaces will not be, and vice versa. And if the bottom reveal surfaces are illuminated the
top surfaces will not be, and vice versa. (Of course, for a vertical window, the top reveal
surfaces will never be illuminated by beam solar if the reveal surfaces are perpendicular to
the glazing, as is being assumed.
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For each shadow pattern in Figure 71, equations are given for the shadowed areas 4, and

4, , of the outside and inside reveal surfaces, respectively. The variables in these equations

are the following (see also Figure 72):

d, = depth of outside reveal, measured from the outside plane of the glazing to the edge
of the reveal, plus one half of the glazing thickness.

d, = depth of inside reveal (or, for illumination on bottom reveal surfaces, inside sill

depth), measured from the inside plane of the glazing to the edge of the reveal or
the sill, plus one half of the glazing thickness.

L = window height for vertical reveal surfaces or window width for horizontal reveal
surfaces
o = vertical solar profile angle for shadowing on vertical reveal surfaces or horizontal

solar profile angle for shadowing on horizontal reveal surfaces.

p,(p,) = distance from outside (inside) surface of frame to glazing midplane.

dz' = depth of shadow cast by top reveal on bottom reveal, or by left reveal on right
reveal, or by right reveal on left reveal.

"

d, = depth of shadow cast by frame.

For simplicity it is assumed that, for the case without a frame, the shadowed and illuminated
areas extend into the glazing region. For this reason, d and d,are measured from the
midplane of the glazing. For the case with a frame, the beam solar absorbed by the surfaces
formed by the frame outside and inside projections perpendicular to the glazing is calculated
as described in “Window Frame and Divider Calculation: Calculation of Solar Radiation
Absorbed by Frame.”
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Figure 71. Expression for area of shaded regions for different shadow patterns: (a) window without

frame, (b) window with frame
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Figure 72. Vertical section through a vertical window with outside and inside reveal showing calculation
of the shadows cast by the top reveal onto the inside sill and by the frame onto the inside sill.

The following logic gives expressions for the shadowed areas for all possible shadow
patterns. Here:

dil=d,

d2 =d,

P1= p,

P2 = p,

fl =d —p,
f2 =d,-p,
d2prime = d,

14

d2prime2 =d,

!

d12=d, +d,—d,
TanAlpha = tan o

Alsh = 4,
A2sh = 4, ,
L=L
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L1 = average distance to frame of illuminated area of outside reveal
(used to calculate view factor to frame).
L2 = average distance to frame of illuminated area of inside reveal

(used to calculate view factor to frame).

IF(window does not have a frame) THEN
IF(d2prime <= d2) THEN
IF(d12*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*dl1**2
A2sh = d2prime*L + 0.5*TanAlpha*d12**2 - Alsh
ELSE ! di12*TanAlpha > L
IF(d1*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*d1**2
A2sh = d2*L - 0.5*TanAlpha*(L/TanAlpha - d1)**2
ELSE ! di1*TanAlpha > L
Alsh = di1*L - (0.5/TanAlpha)*L**2
A2sh = d2*L
END IF
END IF
ELSE ! d2prime > d2
A2sh = d2*L
IF(d2prime < di1+d2) THEN
IF(d12*TanAlpha <= L) THEN
Alsh = L*(d2prime-d2) + 0.5*TanAlpha*d12**2
ELSE ! d12*TanAlpha > L
Alsh = d1*L - 0.5*L**2/TanAlpha

END IF
ELSE ! d2prime >= dl+d2
Alsh = di1*L
END IF
END IF
ELSE ! Window has a frame
f1 = di1-P1
f2 = d2-P2

d2prime2 = FrameWidth/TanGamma
IF(vertical reveal) THEN ! Vertical reveal
IF(InsReveal+0.5*GlazingThickness <= P2) d2 = P2 + 0.001
ELSE I Horizontal
IF(bottom reveal surfaces may be illuminated) THEN
1 Bottom reveal surfaces may be illuminated
IF(InsSillDepth+0.5*GlazingThickness<=P2) d2= P2 + 0.001
ELSE
! Top reveal surfaces may be illuminated
IF(InsReveal+0.5*GlazingThickness <= P2) d2 = P2 + 0.001
END IF
END IF
IF(d2prime <= f2) THEN
1 Shadow from opposing reveal does not go beyond inside
1 surface of frame
IF(d12*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*f1**2
L1 = F1*(f1*TanAlpha/(6*L)+0.5)
IF(d2-(d2prime+d2prime2+P2) >= 0.) THEN
A2sh = (d2prime+d2prime2)*L + &
0.5*TanAlpha*((d1+d2-d2prime)**2-d1l+p2+d2prime2)**2)
L2 = d2prime2 + 0.5*(d2-(d2prime+d2prime2+P2))
ELSE ! d2-(d2prime+d2prime2+P2) < 0.
1 Inside reveal is fully shadowed by frame and/or
Topposing reveal

A2sh = F2*L
L2 = f2
END IF
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ELSE I di12*TanAlpha >= L
IF((d1+P2)*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*f1**2
L1 = f1*((f1*TanAlpha)/(6*L) + 0.5)
IF((d1+P2+d2prime2)*TanAlpha >= L) THEN
A2sh = f2*L
L2 2
ELSE ! (d1+P2+d2prime2)*TanAlpha < L
A2sh = f2*L - 0.5*(L-(d1+P2)*TanAlpha)**2/TanAlpha &
+ d2prime2*(L-(d1+P2+d2prime2/2)*TanAlpha)
L2 = d2prime2 + (L/TanAlpha - (d1+P2+d2prime2))/3
END IF
ELSE I (di1+P2)*TanAlpha > L
L2 = f2
A2sh = f2*L
IF(f1*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*fl1**2
L1 = f1*((f1*TanAlpha)/(6*L) + 0.5)
ELSE ! fl*TanAlpha > L
Alsh = f1*L - 0.5*L**2/TanAlpha
L1 = f1-(L/TanAlpha)/3
END IF
END IF
END IF
ELSE
1 d2prime > f2 -- Shadow from opposing reveal goes beyond
1 inside of frame
A2sh = f2*L
L2 = f2
IF(d2prime >= d1+d2) THEN
Alsh = 0.0
L1 =Tf1
ELSE I d2prime < di1+d2
IF(d2prime <= d2+P1) THEN
IF(f1*TanAlpha <= L) THEN
Alsh = 0.5*TanAlpha*fl1**2
L1 = f1*((f1*TanAlpha)/(6*L) + 0.5)
ELSE ! fl*TanAlpha > L
Alsh = f1*L - 0.5*L**2/TanAlpha
L1 = f1 - (L/TanAlpha)/3
END IF
ELSE I d2prime > d2+P1
IF(d12*TanAlpha <= L) THEN
Alsh = L*(d2prime-(d2+P1)) + 0.5*TanAlpha*d12**2
L1 (L*(f1-d12/2)-d12*TanAlpha* &
(f1/2-d12/3))/(L-d12*TanAlphas/2)
ELSE I di12*TanAlpha > L

Alsh = f1*L - 0.5*L**2/TanAlpha
L1 = f1 - (L/TanAlpha)/3
END IF
END IF
END IF

END IF

FracToGlassOuts = 0.5*(1.0 - ATAN(FrameWidth/L1)/PiOvr2)

FracToGlasslns = 0.5*(1.0 - ATAN(FrameWidth/L2)/PiOvr2)
END IF ! End of check if window has frame

The beam solar reflected from a sunlit region of area A is given by
R=1,Acos f(1-a)

where
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R = reflected solar radiation [W]

I, = beam normal irradiance [W/mz]

A = sunlit area [m?]

[ = beam solar angle of incidence on reveal surface

a = solar absorptance of reveal surface

All reflected radiation is assumed to be isotropic diffuse. For outside reveal surfaces it is
assumed that R/2 goes toward the window and R /2 goes to the exterior environment. Of

the portion that goes toward the window a fraction /| goes toward the frame, if present, and

1 - F| goes toward the glazing.

The view factor F| to the frame calculated by assuming that the illuminated area can be

considered to be a line source. Then the area-weighted average distance, L, , of the source
to the frame is calculated from the shape of the illuminated area (see above psuedo-code).
Then F| is related as follows to the average angle subtended by the frame of width Wt

- tan™ (w, /L)
1 /2

For the portion going towards the frame, (R/2)Flaf is absorbed by the frame (where a is
the solar absorptance of the frame) and contributes to the frame heat conduction calculation.

The rest, (R/2)F(1—a,), is assumed to be reflected to the exterior environment.

If the glazing has diffuse transmittance Taigr » diffuse front reflectance pjl:ﬂ., and layer front
absorptance a/jdiﬁ, then, of the portion, (R/2)(1-F]), that goes toward the glazing,
(R/2)(1-F)z,, is transmitted to the zone, (R/Z)(I—E)a/jdlﬁ. is absorbed in glass layer

[/ and contributes to the glazing heat balance calculation, and (R/2)(1—Fl)p£ﬁ is reflected
to the exterior environment.

The beam solar absorbed by an outside reveal surface is added to the other solar radiation
absorbed by the outside of the window’s parent wall.

For inside reveal surfaces it is assumed that R/2 goes towards the window and R/2 goes
into the zone. Of the portion that goes toward the window a fraction (R/2)F, goes toward

the frame, if present, and (R/2)(1— F,)goes toward the glazing ( F, is calculated using a
method analogous to that used for F{). For the portion going towards the frame,
(R/2)F,a,is absorbed by the frame and contributes to the frame heat conduction

calculation. The rest, (R/2)F,(1—-a,), is assumed to be reflected back into the zone.

If the glazing has diffuse back reflectance pf,’W , and layer back absorptance aZW , then, of
the portion (R/2)(1-F,) that goes toward the glazing, (R/2)(1-F,)z,, is transmitted
back out the glazing, (R/2)(1—}72)05£di/f is absorbed in glass layer /and contributes to the

glazing heat balance calculation, and (R /2)(1 —Fz)pjw. is reflected into the zone.
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The beam solar absorbed by an inside reveal surface is added to the other solar radiation
absorbed by the inside of the window’s parent wall.

Shading Device Thermal Model

Shading devices in EnergyPlus can be on the exterior or interior sides of the window or
between glass layers. The window shading device thermal model accounts for the thermal
interactions between the shading layer (shade or blind) and the adjacent glass, and between
the shading layer and the room (for interior shading) or the shading layer and the outside
surround (for exterior shading).

An important feature of the shading device thermal model is calculating the natural
convection airflow between the shading device and glass. This flow affects the temperature of
the shading device and glazing and, for interior shading, is a determinant of the convective
heat gain from the shading layer and glazing to the zone air. The airflow model is based on
one described in the ISO Standard 15099, “Thermal Performance of Windows, Doors and
Shading Devices—Detailed Calculations” [ISO15099, 2001]. (Between-glass forced airflow is
also modeled; see “Airflow Windows.”)

The following effects are considered by the shading device thermal model:

m For interior and exterior shading device: Long-wave radiation (IR) from the surround
absorbed by shading device, or transmitted by the shading device and absorbed by the
adjacent glass. For interior shading the surround consists of the other zone surfaces. For
exterior shading the surround is the sky and ground plus exterior shadowing surfaces and
exterior building surfaces “seen” by the window.

Inter-reflection of IR between the shading device and adjacent glass.
Direct and diffuse solar radiation absorbed by the shading device.
Inter-reflection of solar radiation between shading layer and glass layers.

Convection from shading layer and glass to the air in the gap (or, for between-glass
shading, gaps) between the shading layer and adjacent glass, and convection from
interior shading layer to zone air or from exterior shading layer to outside air.

m  Natural convection airflow in the gap (or, for between-glass shading, gaps) between
shading layer and adjacent glass induced by buoyancy effects, and the effect of this flow
on the shading-to-gap and glass-to-gap convection coefficients.

m  For interior shading, convective gain (or loss) to zone air from gap airflow.

In the following it is assumed that the shading device, when in place, covers the glazed part
of the window (and dividers, if present) and is parallel to the glazing. For interior and exterior
shading devices it is assumed that the shading layer is separated from the glazing by an air
gap. A between-glass shading layer is assumed to be centered between two glass layers and
separated from the adjacent glass layers by gaps that is filled with the same gas. If the
window has a frame, it is assumed that the shading device does not cover the frame.

Heat Balance Equations for Shading Device and Adjacent Glass

If a window shading device is deployed the heat balance equations for the glass surfaces
facing the shading layer are modified, and two new equations, one for each face of the
shading layer, are added. Figure 73 illustrates the case of double glazing with an interior
shading device.
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Figure 73. Glazing system with two glass layers and an interior shading layer showing variables used in

heat balance equations.

The heat balance equation for the glass surface facing the gap between glass and shading
layer (called in the following, “gap”) is

Eez, L %%
l=-p,py 1=pupy,
where

(02, -0,(-p,) |+k,(6,-6,)+h, (T, 0,)+S,=0

gap

7, = IR diffuse transmittance of shading device
&sn = diffuse emissivity of shading device
Psh = IR diffuse reflectance of shading device (=1 - ( 7y, + &s1))

05 = temperature of the surface of the shading layer that faces the gap (K).

The term 1 — p4 ps, accounts for the inter-reflection of IR radiation between glass and shading
layer.

The convective heat transfer from glass layer #2 to the air in the gap is
qc,gl = hcv (04 - Tgap)

where
T4y = effective mean temperature of the gap air (K).

he, = convective heat transfer coefficient from glass or shading layer to gap air (W/m?K).
The corresponding heat transfer from shading layer to gap air is

qc,sh = hcv (95 - Tgap)
The convective heat transfer coefficient is given by

h, =2h, +4v (157)
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where
h. = surface-to-surface heat transfer coefficient for non-vented (closed) cavities (W/m°K)
Vv = mean air velocity in the gap (m/s).

The quantities /., and T'44p depend on the airflow velocity in the gap, which in turn depends
on several factors, including height of shading layer, glass/shading layer separation (gap
depth), zone air temperature for interior shading or outside air temperature for exterior

shading, and shading layer and glass face temperatures. The calculation of /., and Tg,, is
described in the following sections.

The heat balance equation for the shading layer surface facing the gap is

Ei Tshp 4gsh + O-gsh
l=p,py  1=pypy,
ky (6, 05)+h,, (T, —6;)+S

g4, K

[846: - €54 (1 - p4 (gsh + psh ))] +
h,1 = 0

where
kg, = shading layer conductance (W/m?K).
0s = temperature of shading layer surface facing the zone air (K).

Ssn,1 = solar radiation plus short-wave radiation from lights plus IR radiation from lights and
zone equipment absorbed by the gap-side face of the shading layer (W/mzK).

The heat balance equation for the shading layer surface facing the zone air is
Ee, — "%/:04964 +ky, (95 — 0, ) +h, (T, — 0, ) + Ssh,2 =0
where

Ssn,2 = solar radiation plus short-wave radiation from lights plus IR radiation from lights and
zone equipment absorbed by the zone-side face of the shading layer (W/m?K).

Solving for Gap Airflow and Temperature

For interior and exterior shading devices a pressure-balance equation is used to determine
gap air velocity, gap air mean equivalent temperature and gap outlet air temperature given
values of zone air temperature (or outside temperature for exterior shading), shading layer
face temperatures and gap geometry. The pressure balance equates the buoyancy pressure
acting on the gap air to the pressure losses associated with gap airflow between gap inlet
and outlet [ISO15099, 2001]. The variables used in the following analysis of the interior
shading case are shown in Figure 74.
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Figure 74. Vertical section (a) and perspective view (b) of glass layer and interior shading layer showing
variables used in the gap airflow analysis. The opening areas Apot, Atop, A Arand Ay, are shown

schematically.

Pressure Balance Equation

The pressure balance equation for airflow through the gap is

Ap; =Apy +Ap, +Ap,

(158)

Here, Apr is the driving pressure difference between room air and gap air. It is given by

T -7 .
Ap, = pyTygH sing 122 T
gap™ gap,in

where

po = density of air at temperature 7 (kg/m®)
T} = reference temperature (283K)

g = acceleration due to gravity (m/s?)

H = height of shading layer (m)

@ = tilt angle of window (vertical = 90°)

144y = effective mean temperature of the gap air (K)

T'gap,in = 9ap inlet temperature ( = zone air temperature for interior shading) (K)
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The 4pp term is due to the acceleration of air to velocity v (Bernoulli’'s law). It is given by
Mpy =50 (Pa)

where p is the gap air density evaluated at 7, (kg/m3).

The Appp term represents the pressure drop due to friction with the shading layer and glass
surfaces as the air moves through the gap. Assuming steady laminar flow, it is given by the
Hagen-Poiseuille law for flow between parallel plates [Munson et al. 1998]:

H
Apyp = 12/JS—2V (Pa)

where u is the viscosity of air at temperature 7, (Pa-s).
The Ap; term is the sum of the pressure drops at the inlet and outlet openings:

2

ApZ :pTv(Zin +Zout) (Pa)

Here, the inlet pressure drop factor, Z;,, and the outlet pressure drop factor, Z,,,, are given

by
2
7 = & -1
" 0'66Aeq,in

2
A
Zout = = - 1
0.604,, ,,

where

Aeq,,-n = equivalent inlet opening area (m2)
Aeq,om = equivalent outlet opening area (mz)
Agqp = cross-sectional area of the gap = sW (m?)
If Toup > Toup,in

Ato
Ae in Abot + . (Al + Ar + Ah)
* 2(4, ,+ Amp)

bot
A
Aeq,out = ATop +

——t (4 +A+A4,
2(Abol+ATop)( l ’ ])

If Tgap < Tgap,in
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A
A, . =4, +¢(A,+Ar+Ah)
e P 2(4 +Amp)

bot

Ato
Ae out = Abot + —p(Al + Ar + Ah )
” 2(Abot + Atop)

Here, the area of the openings through which airflow occurs (see Figure 74 and Figure 75)
are defined as follows:

Apo: = area of the bottom opening (m?)
Ayop = area of the top opening (m?)

Aj = area of the left-side opening (m?)
A, = area of the right-side opening (m2)

Ay, = air permeability of the shading device expressed as the total area of openings (“holes”)
in the shade surface (these openings are assumed to be uniformly distributed over the
shade) (m?)

Figure 75 shows examples of A, A:op, A1 and A, for different shading device configurations.
These areas range from zero to a maximum value equal to the associated shade/blind-to-

glass cross-sectional area; i.e., Ay and Ayp < sSW, A;and 4, < sH.

Atop = tW

| |et

(a) (b) O
\r
-~ < Ar = N
w min(rH,sH)
w S H S
<—Shade
Glass <— Shade
Glass
v A/:\L < A[ = v
l min(/H,sH) Q/P%b
Apot =bW

Figure 75. Examples of openings for an interior shading layer covering glass of height H and width W.
Not to scale. (a) Horizontal section through shading layer with openings on the left and right sides (top
view). (b) Vertical section through shading layer with openings at the top and bottom (side view).

Expression for the Gap Air Velocity

Expressing Equation (157) in terms of v yields the following quadratic equation:
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2 12 H . Ta in _Tfa
O 142,47 ) e 2 gt sing e enl
5 gap,in™ gap
Solving this gives
. 1/2

(12,uH)2 N 20°(1+Z,, +Zom)p07])gHsm¢‘Tgapm -7, _12uH
2 2
N (7} inTa §

- gap,in” gap (159)
p+Z, +Z,,)

The choice of the root of the quadratic equation is dictated by the requirement that v = 0 if
Toap,in = Tgap-
Gap Outlet Temperature and Equivalent Mean Air Temperature

The temperature of air in the gap as a function of distance, A, from the gap inlet (Figure 76) is

_ —h/H,
T, (0=T,,~(T,. ~T,,.)e

ave gap,in
where

- Tgl +];h

160
ave 2 ( )

is the average temperature of the glass and shading layer surfaces facing the gap (K).
H) = characteristic height (m), given by

C s
Hoz—p L
2h

cv

1%

where C, is the heat capacity of air.
The gap outlet temperature is given by

T =T

gap ,out ave (T:zve - gap,in)

e o (161)

The thermal equivalent mean temperature of the gap air is

(162)

gap ave gap,out gap,in)

17 H,
];,ap=E!T, (h)dh =T, —F(T
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Inlet air Mean gap air
temperature, temperature,

T,

gap,in

axis

Air
flow

Outlet air
temperature,

T, gapvo"t/

Temperature axis

Average surface
temperature,
Tave

Gap air
temperature vs. 7,
Tap(h)

Figure 76. Variation of gap air temperature with distance from the inlet for upward flow.

Solution Sequence for Gap Air Velocity and Outlet Temperature

The routine WinShadeGapFlow is called within the glazing heat balance iterative loop in

SolveForWindowTemperatures to determine v and Tgap,om. The solution sequence in
WinShadeGapFlow is as follows:

1. At start of iteration, guess Tgqp as ((Tgr + T5i)/2 + Tyupin)/2. Thereafter use value from previous

iteration.

Get v from Equation (159)

Get h,, from Equation (157)
Get T,,. from Equation (160)
Get Tgup,our from Equation (161)

N o ok w0 D

Get new value of T}, from Equation (162)

Get still-air conductance, /., by calling WindowGasConductance and NusseltNumber.

The values of A, and Tyqp so determined are then used in the window heat balance
equations to find new values of the face temperatures of the glass and shading layers. These
temperatures are used in turn to get new values of /., and Tgap until the whole iterative

process converges.

Convective Heat Gain to Zone from Gap Airflow

The heat added (or removed) from the air as it passes through the gap produces a
convective gain (or loss) to the zone air given by
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g, =LW|h,(1,-T,,)+h,(T,-T,,) |=2h,LW (T, ~T,,) (W)

gap gap ave gap

This can also be expressed as

qv = me (Tgap,out - Tgap,[n ) (W)
where the air mass flow rate in the gap is given by

m=pA, v (kg/s)

gap

Heat Balance Equations for Between-Glass Shading Device

In EnergyPlus shading devices are allowed between the two glass panes of double glazing
and between the two inner glass panes of triple glazing. Figure 77 shows the case of a
between-glass shading device in double glazing.

Glass Shading Glass
layer#1 ~ Gap #1 layer Gap #2 layer #2
Outside S S Inside
To 01 02 v 05 06 03 04 Tt
v
E,—» <+E;
ho kI hcv,l hcv,I ksh hcv,Z hcv,z k2 hi
> = e
T. ap,1 T, ap,2
S s, s s S,
&1 &2 &5 &6 &3 &4

Figure 77. Glazing system with two glass layers and a between-glass shading device showing variables
used in the heat balance equations.

The heat balance equations for the two glass surfaces facing the shading device are the

following.
For face #2:
hcv,l (Tgap,l - 02) + kl (6’1 - ‘92) +
9% { Lo (831934 +&,0; p, ) +&0: +&,0)R |-08,0) +8S,=0
1=pR | 1= pgp;
where
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2

T
R =p;+ shP3
1= g5
T,,,, = effective mean air temperature in gap 1 (K)
h.,, = convective heat transfer coefficient from glass or shading layer to gas in gap 1
(W/m?K)
For face #3:

hcv,z (Tgap,Z - HS) + k2 (64 - 03) +
0&; Ton

1=pR, | 1= psp,

(82(924 +&0; p, ) +e.0; + 87934R2:| —0&0) +5,=0

where
2
TP
Rz =Pt h2
1-psp,
T

w2 = effective mean air temperature in gap 2 (K)

convective heat transfer coefficient from glass or shading layer to gas in gap 2
(W/m?K)

The heat balance equations for the shading layer faces are:
For face #5:

hcv,l (Tgap,l - 05) + ksh (06 - 95) +

0&; { T2
1=p,R [ 1= psp;

(5395‘ +&,0; ps ) +&,0) + 856’54,02:| —0e0! +5,=0
For face #6:

hcv,z (Tgap,Z - HS) + k2 (64 - 03) +

0-83 |: Tsh (82924 +85954p2)+86964 +87934R2:|_O-83934 +S3 = 0
1_ p3R2 1 - p5p2

The convective heat transfer coefficients are given by

hcv,1 = 2hc,l +4v

(163)
h.,,=2h,,+4v
where
hc’l,hu2 =  surface-to-surface heat transfer coefficients for gap #1 and #2, respectively,

when these gaps are non-vented (closed).
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V= air velocity in the gaps (m/s). It is assumed that the gap widths are equal, so
that the velocity of flow in the gaps is equal and opposite, i.e., when the airflow
is upward in gap #1 it is downward in gap #2 and vice-versa.

In analogy to the interior or exterior shading device case, the air velocity is determined by
solving the following pressure balance equation:

ApT,l,Z = ApB,1 + ApHP,l + Apz,l + ApB,Z + ApHP,Z + Apz,z (164)

where the driving pressure difference between gap #1 and #2 is

T  -T
ApT,l,Z = pylygH Sin¢‘ s _gap,2‘ (Pa)

gap,1” gap,2

The pressure drops on the right-hand side of this equation are:

"
(Zin,i +Zout,i)

where i = gap number (1 or 2).

It can be shown that Z, +Z, =72, ,+Z

out,l in,2 out,2 "

Then, inserting these pressure drop

expressions into (164), we obtain the following expression for the airflow velocity:

1/2

2
(lz(lugap’l ;ﬂgﬂp’z )HJ + 2Apr,1,2 (pgap,l + Pgap2 )(1 + Zm + Zout) - lz(lugap’l :zﬂgap’z )H
V= (165)
(pgap,l + pgap,Z)(l + Zin + Zout)
The choice of the sign of the square root term is dictated by the requirement that v =0 if
Ap;,,=0ie, T, =T,

gap,1 gap,2 "

Given v we can now calculate 7,,,,and T,

wp.2» Which gives Apm,z. The procedure is as

follows. We have

Tgap,l,aut = T:zve,l - (7—;\/’6,1 - Tgap,l,ln )gl

_H
HO,I

where T, ,=(0,+6;)/2 and ¢ =e
T =T

gap,l,in gap,2,out

with  H,, = p,,, ,C,sv/(2h,,). Since

this gives:

T

gap,l,out

= ];ve,l - (T;tve,l - T;;ap,Z,out )51
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Similarly,
T =T

gap,2,out — Tave,2 - (7:1\/6,2 - Tgap,l,out )52

Solving these simultaneous equations gives:

T — T;zve,l (1 - é:l) + élTvave,Z (1 - 62)
gap,l,out 1—5152

_ Tave,z (1 - ‘):2) + é:zTave,l (1 - 681)

T;;up,Z,out - 1_5152

Using these in

T HO,]

gap,1 = Ivave,l - H (Tgap,l,out - Tgap,Z,out)

gives

HO 1
Tgap,l = T:zve,l _75 (7—;\/’6,1 - 7—;\)6,2 )
with

_ (1_981)(1_52)

é 1_681‘):2

Similarly, from

T =T ,——22(T -T
gap,2 ave,2 H gap,2,out gap,l,out
we get
T =T ,——22&(T -T
gap,2 ave,2 ave,2 ave,l

H

The overall solution sequence is as follows.

At start of iteration guess 7, =T,

1) Get pgap,l ? 'Ogap,2 ’ 'ugapJ ? 'ugup,Z using Tgap,l > gap2 "

2) Get still-air conductances & ,,h, ,by

c

NusseltNumber.
3) Get v from Equation (165)

4) Geth ., h

cv,19 ey, 2

from Equation (163)

=T, and T

(166)

(167)

Then

calling WindowGasConductance and
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T

ave,2

5) Get T

ave,l?

6) GetH,; H,, &and &, .
T

gap,2

h,,,T »1 and T, are then used in the face heat balance equations to

cv,2% © gaq

7) Get T

gap.,1’

from Equations (166) and (167)

The values A

cv,1?
find new values of the face temperatures 6,, ,, O;and 6. These are used in turn to get

h.,» T,,, and T, ,until the whole iterative process converges.

new values of A w25 L gap

cv,12

Airflow Windows
In airflow windows forced air flows in the gap between adjacent layers of glass. Such
windows are also known as “heat-extract windows” and “climate windows.”

Five configurations of airflow windows are modeled (Figure 78) that depend on the source
and destination of forced air. The allowed combinations of Airflow Source and Airflow
Destination are:

InsideAir > OutsideAir
InsideAir > InsideAir
InsideAir > ReturnAir
OutsideAir 2 InsideAir
OutsideAir - OutsideAir
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(a) (b) (© (d)
Outside Inside  Outside Inside  Outside Inside  Outside Inside
“Air exhaust” “Indoor air curtain” “Air supply” “Outdoor air curtain”
ﬁ To zone return air
(e)
Outside Inside
Airflow to return air
Figure 78. Gap airflow configurations for airflow windows. From “Active facades,” Version no. 1, Belgian
Building Research Institute, June 2002.
A common application of airflow windows is to reduce the zone cooling load by exhausting
indoor air through the window, thereby picking up and rejecting heat from the glazing (Figure
78).
Figure 79 shows the variables used in the heat balance equations for forced airflow in a
double-glazed window.
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Glass Glass
layer #1 A layer #2
gap,out
Outside Inside
To 31 32 » 33 04 Ti
E,? ? E;
h, ki hey hey k> hi
?( >
S s; s, S,
s
€1 &2 €3 &4
Tgap,in

Figure 79. Glazing system with forced airflow between two glass layers showing variables used in the
heat balance equations.

The heat balance equation for the left-hand glass surface facing the gap in Figure 79 is:

&,E
k(6,-0,)+h, (T o 23
1(1 2) cv( g 1—(1—82)(1—83)

a

-0,)+

(65 -65)+S,=0

The corresponding equation for the right-hand glass surface facing the gap is:

&85 4 pa

k,(0,-0,)+h (T, —0,)+0 0o (65 -65)+S,=0
Here,
T 44y = effective mean temperature of the gap air (K)
h., = convective heat transfer coefficient from glass to gap air (W/m2K).
The convective heat transfer coefficient is given by
h,=2h +4v
where
h. = glass-to-glass heat transfer coefficient for non-vented (closed) cavity (W/m?K)
Vv = mean air velocity in the gap (m/s).

The air velocity is determined by the gap cross-sectional area in the flow direction and the air
flow rate, which is an input value that is constant or can vary according to a user-specified
schedule:

v:Ai (m/s)

gap
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where
F = airflow rate (m?/s)
Agqp = gap cross-sectional area in direction of flow (m2)

It is assumed that the airflow is uniform across the width of the window.

The mean temperature of the gap air is given by the following expression, whose derivation
follows that for (162) for the case of an interior shading device:

H
]:gap = T;zve _?O(I:gap,out - gap,in)
where
o 0,+0,
ave 2
H = glazing height (m)
C s
0= i v
2h,,

T'gup,in = gap air inlet temperature (7; if the airflow source is inside air, T, if the airflow
source is outside air) (K)

The outlet air temperature is given by

T :7—;V€_(T _T

gap,out ave gap,in

)e—H/HO

The equations for glass face #1 and #4 are the same as those for no airflow in the gap
(Equations (146) and (149)).

The convective heat gain to the zone air due to the gap airflow when the airflow destination is
inside air is

C T

q, = m(cp,ouzTgap,out X i) (W)

where
C,,i = heat capacity of the inside air (J/kg-K)
C,,0u: = heat capacity of the gap outlet air (J/kg-K)

and where the air mass flow rate in the gap is
m=pF  (kg/s)

Fan Energy

The fan energy used to move air through the gap is very small and is ignored.
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Airflow Window with Between-Glass Shading Device

Figure 80 shows the case of a double-glazed airflow window with a between glass shading
device. The heat balance equations in this case are the same as those for the between-glass
shading device with natural convection (Figure 77 and following equations) except that now

_F/2

Vv —_—

gap

(m/s)

where A,,, = sW is the cross-sectional area of the gap on either side of the shading device. It
is assumed that the shading device is centered between the two panes of glass so that the
airflow, F/, is divided equally between the two gaps.

The convective heat gain to the zone air due to the airflow through the two gaps when the
airflow destination is inside air is

g, = i(C C T

p.ave,out™ gap,ave,out - Dl 1)

(W)
where the average temperature of the two outlet air streams is

gap,ave,out gap,l,out

+T

gap,2,out

)/2

and

Cp,ave,om = heat capacity of the outlet air evaluated at Tg4p ave,our (J/kg-K)

Gap #1 Gap #2
Glass Shading Glass
layer #1 Toptow  1OYET Tyap.2.0ut layer #2
Outside Inside
To 01 02 05 03 04 T,
v v
E,—» < E;
ho kI hcv,I hcv,I hcv,Z hcv,Z k2 hi
< e
T, ap,1 T, ap,2
S] Sz gap. gap. : S4
S
&1 & &5 &3 &4

A

A

Tgap,l,in

T, gap,2,in

Figure 80. Airflow window with between-glass shading device showing variables used in the heat balance

equations.
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Convection from Surfaces

This contribution is expressed using the convective heat transfer coefficient as follows:

nsurfaces

Qo = 2, h,A(T,-T.,) (168)
i=1

The inside heat transfer coefficient is modeled from a choice of correlations.
Convection from Internal Sources

This component is the companion part of the radiant contribution from internal gains
described previously. It is added directly into the air heat balance. Such a treatment also
violates the tenets of the heat balance since the surface temperature of the surfaces
producing the internal loads exchange heat with the zone air through normal convective
processes. However, once again, the details required to include this component in the heat
balance are generally not available, and its direct inclusion into the air heat balance is a
reasonable approach..

Infiltration/\VVentilation

Any air that enters by way of infiltration is assumed to be immediately mixed with the zone
air. The determination of the amount of infiltration air is quite complicated and subject to
significant uncertainty. In the most common procedure, the infiltration quantity is converted
from a number of air changes per hour (ACH) and included in the zone air heat balance using
the outside temperature at the current hour.

Infiltration

Infiltration (Ref Object: Infiltration) is the unintended flow of air from the outdoor environment
directly into a thermal zone. Infiltration is generally caused by the opening and closing of
exterior doors, cracks around windows, and even in very small amounts through building
elements. The basic equation used to calculate infiltration in EnergyPlus is:

N

Infiltration = (]des[gn )(Fchedu,e ) [A +B ‘(Tme -T, )‘ +C (WindSpeed )+ D(Windspeed2 )}

More advanced infiltration calculations are possible using the EnergyPlus link to the COMIS
program for natural infiltration and/or the Air Distribution System model for times when the
HVAC system operates. Infiltration described by the equation shown above is entered into
EnergyPlus using the following syntax. Exfiltration (the leakage of zone air to the outside) is
generally handled better as zone exhaust air in the zone equipment description.

The question of typical values for these coefficients is subject to debate. Ideally, one should
do a detailed analysis of the infiltration situation and then determine a custom set of
coefficients using methods such as those laid out in Chapter 26 of the ASHRAE Handbook of
Fundamentals. The EnergyPlus defaults are 1,0,0,0 which gives a constant volume flow of
infiltration under all conditions.

BLAST (one of the EnergyPlus predecessors) used the following values as defaults: 0.606,
0.03636, 0.1177, 0. These coefficients produce a value of 1.0 at OC deltaT and 3.35 m/s (7.5
mph) windspeed, which corresponds to a typical summer condition. At a winter condition of
40C deltaT and 6 m/s (13.4 mph) windspeed, these coefficients would increase the infiltration
rate by a factor of 2.75.
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Ventilation = (Vdesign XFschedule )[A +B

In DOE-2 (the other EnergyPlus predecessor), the air change method defaults are (adjusted
to Sl units) 0, 0, 0.224 (windspeed), 0. With these coefficients, the summer conditions above
would give a factor of 0.75, and the winter conditions would give 1.34. A windspeed of 4.47
m/s (10 mph) gives a factor of 1.0.

The source of the BLAST defaults is noted in the BLAST documentation as:

"Empirical equation and the coefficient default were determined from ASHRAE journal articles
and other data on the effects of outdoor weather conditions."

The source of the DOE-2 defaults is based on examining the infiliration relationships
decsribed in the ASHRAE Handbook of Fundamentals.

The EnergyPlus example files use all of the above, the BLAST defaults in some (e.g.,
GeometryTest), the DOE-2 defaults in some (e.g., 5ZoneAirCooled), and the EnergyPlus
defaults in some (e.g., LgOffVAVDetColl).

Ventilation

Ventilation (Ref Object: Ventilation) is the purposeful flow of air from the outdoor environment
directly into a thermal zone in order to provide some amount of non-mechanical cooling.
Ventilation as specified by this input syntax is intended to model “simple” ventilation as
opposed to the more detailed ventilation investigations that can be performed with the link to
COMIS. Simple ventilation in EnergyPlus can be controlled by a schedule and through the
specification of minimum and delta temperatures as described below. As with infiltration, the
actual flow rate of ventilation can be modified by the temperature difference between the
inside and outside environment and the wind speed. The basic equation used to calculate
ventilation in EnergyPlus is:

T, —-T Udb| +C (WindSpeed ) + D(WindSpeed 2 )]

zone

More advanced ventilation calculations are possible using the EnergyPlus link to the COMIS
program.

Air Exchange

Air exchange and interchange between zones is treated as a convective gain.

Calculation of Zone Air Temperature

COMIS

The zone air heat balance is the primary mechanism for linking the loads calculation to the
system simulation. As such, the zone air temperature becomes the main interface variable.
Its role in the integration process was described previously (“Basis for the Zone and System
Integration”).

COMIS was originally developed in 1994 as a stand-alone multi-zone air flow program with its
own input and output processors. In this implementation into EnergyPlus, the COMIS source
code has been modified into ten modules that are called by the EnergyPlus program during
each time step. At the beginning of the simulation, the Heat Balance Air Manager module
generates an internal COMIS input file (comistest.cif) based on the building air flow
description described in this section, and the exterior environmental conditions and internal
zone temperatures. Comistest.cif can be used as input to the original COMIS program for
testing and debugging purposes. COMIS, in turn, returns to the Heat Balance Air Manager
the calculated air flows from the outside as infiltration, and from zone to zone as cross-mixing
air flows. For each time step, the exterior and interior temperatures are updated, as well as
any changes in window and door opening conditions.
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The COMIS air flow building description shares many similarities to the building description
used for modeling heat transfer. Both treat the building as a collection of zones that are linked
to the external environment and other zones by a network of nodes. In the air flow
representation, however, the nodes are the air flow properties rather than the thermal
properties of the various building components such as walls, roofs, windows, doors, etc. The
following table shows the general parallels between the thermal and air flow representations
of a building :

Table 31. Thermal vs. Air Flow representations in Buildings

Thermal inputs Air flow inputs

Zone Thermal Zone COMIS Zone
Building Component | Wall, Roof or Floor Construction, COMIS Air Flow : Crack,

Window or Door Construction COMIS Air Flow : Opening
Surfaces Surface: HeatTransfer COMIS Surface
External Environmental Data (temperature, | Environmental Data,
Environment humidity, radiation, wind speed COMIS External Nodes,

and direction, pressure, efc.) COMIS Site Wind Conditions,

COMIS Cp Values

A substantial part of the information needed for the air flow modeling already exists and can
be extracted or referenced from the building description for the thermal modeling, such as the
volume and neutral height of the zones, the orientation and location of the building surfaces,
etc. In fact, no additional inputs are needed to define an air flow zone, while a COMIS
surface needs only references to the air flow type and the corresponding heat transfer
surface. The COMIS model, however, does require substantially more information about the
external environment. Whereas the thermal modeling assumes the same external
environment for all surfaces (except solar and wind), the air flow modeling requires differing
external nodes where the pressure coefficients (Cp) by wind direction may differ.

References

More detailed discussions of their use, defaults and suggested values can be found in
Feustel, H. and Smith, B. (ed.) 1998. "COMIS 3.0 User's Guide", Lawrence Berkeley National
Laboratory, Berkeley CA. This document and other information is available on the LBNL web
site: http://epb1.Ibl.gov/comis/

Comis 3.0 User’s Guide. http://epb1.Ibl.gov/comis/composite.pdf

COMIS - An International Multizone Air-Flow and Contaminant Transport Model.
http://epb1.lbl.gov/Publications/Ibnl-42182.pdf
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Building System Simulation System Manager / Processes

EnergyPlus uses a loop based HVAC system formulation. An example of the dual duct VAV
system is shown below.

Air Loops

Definition of Air Loop

In EnergyPlus an air loop is a central forced air HVAC system. The term “loop” is used
because in most cases some air is recirculated so that the air system forms a fluid loop. The
air loop is just the “air side” of a full HVAC system.

For simulation purposes the air loop is divided into 2 parts: the primary air system
(representing the supply side of the loop) and the zone equipment (representing the demand
side of the loop). The primary air system includes supply and return fans, central heating and
cooling coils, outside air economizer, and any other central conditioning equipment and
controls. The zone equipment side of the loop contains the air terminal units as well as fan
coils, baseboards, window air conditioners, and so forth. Supply and return plenums are also
included on the zone equipment side of the loop.

Simulation Method

Simulating a forced air system and its associated zones can be done in a number of ways.
EnergyPlus uses algebraic energy and mass balance equations combined with steady state
component models. When the zone air and the air system are modeled with algebraic
equations (steady state) then — in cases with recirculated air — there will be one or more
algebraic loops. In other words it is not possible to solve the equations directly; instead
iterative methods are needed. Typically a humidity ratio and a mass flow rate will be variables
involved in the iterative solution.

In EnergyPlus the zone humidity ratios and temperatures are decoupled from the solution of
the air system equations. The zone air is assigned heat and moisture storage capacities and
the capacity effects are modeled by 1% order ordinary differential equations. During each
system simulation time step new zone temperatures and humidities are predicted using past
values. The zone temperatures and humidities are then held constant during the simulation of
the air system (and the plant). Then the zone temperatures and humidity ratios are corrected
using results from the system simulation. As a result the usual algebraic loops arising in
steady state air system simulations are eliminated from the EnergyPlus system simulation.
The zone temperatures, humidity ratios, and heating and cooling demands are known inputs
to the system simulation.

The need for iteration can be reintroduced by the need for system control. If system set
points are fixed, externally determined, or lagged and control is local (sensor located at a
component outlet, actuator at a component inlet) then iteration can be confined to the
components and the overall air system equations can be solved directly. However these
requirements are too restrictive to simulate real systems. System set points are held fixed
during a system time step. But controller sensors are allowed to be remote from the location
of the actuator. Consequently EnergyPlus uses iteration over the entire primary air system in
order to converge the system controllers.

Component Models

EnergyPlus component models are algorithmic with fixed inputs and outputs. They are
embodied as Fortran90 subroutines within software modules. For each component several
choices of inputs and outputs are possible. There is no one choice that will be most usable
and efficient for all system configurations and control schemes. For reasons of consistency
and comprehensibility the requirement was imposed that all EnergyPlus models be forward
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models. That is, the component inputs correspond to the inlet conditions and the outputs to
the outlet conditions. If another choice of inputs and outputs is needed it is obtained by
numerical inversion of the forward model.

Iteration Scheme

The primary air system simulation uses successive substitution starting at the return air inlet
node and proceeding in the flow direction to the supply air outlet nodes. The iteration
proceeds until an individual actuator-controller has converged (the sensed value matches the
set point within the specified tolerance). The system controllers are simulated in sequence.
During this sequence of iterative solutions the air mass flow rates are held constant. The
controllers are converged by the method of interval halving. This method was chosen (rather
than for instance Newton-Raphson) for its robustness.

Determination of Air Mass Flow Rates

In most cases the air mass flow rate of the central air system is set by zone equipment
downstream of the primary air system. The air terminal unit components with their built in
dampers and controllers respond to the zone heating and cooling loads by setting air flow
rates at their inlet nodes. These flow rates are passed back upstream to the primary air
system, establishing the flow rates in the primary air system branches. These flow rates are
held fixed while the primary air system is simulated.

Air Loop Simulation

A complete simulation of each primary air system — zone equipment air loop is done in the
following manner.

1. If this is the first simulation this system time-step, just call ManageAirLoops (simulates
the primary air systems) and ManageZoneEquipment (simulates the zone equipment
sets) once and quit. This initial pass is simulated with full design air flow rates and allows
the zone equipment to set the flow rates for each zone that will meet the zone loads.

2. Otherwise loop over primary air systems and zone equipment sets until the temperatures,

flow rates, enthalpies, humidity ratios etc. agree to within tolerance at each primary air
system — zone equipment gap.

DO WHILE ((SimAirLoops .OR. SimZoneEquipment) .AND. (lterAir.LE.MaxAir) )
IF (SimAirLoops) THEN
CALL ManageAirLoops(FirstHVACIteration,SimAirLoops,SimZoneEquipment)
SimPlantDemandLoops = _TRUE
SimElecCircuits =.TRUE.
END IF

IF (SimZoneEquipment) THEN
CALL ResolveAirLoopFlowLimits(lterAir+l)
CALL ManageZoneEquipment(FirstHVACIteration,SimZoneEquipment,SimAirLoops)
SimPlantDemandLoops = .TRUE.
SimElecCircuits =_TRUE.
END IF

IterAir = lterAir + 1
END DO

CALL ResolvelLockoutFlags(SimAirLoops)

The logical flags SimAirLoops and SimZoneEquipment are used to signal whether the
primary air systems or the zone equipment sets need to be resimulated. These flags are set
by the subroutine UpdateHVACInterface which is called from within ManageAirLoops and
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ManageZoneEquipment at the end of each half-loop simulation. UpdateHVACInterface (when
called from ManageAirLoops) passes the values at the outlet nodes of a primary air system
on to the inlet nodes of the corresponding zone equipment half-loop and similarly (when
called from ManageZoneEquipment) passes the values of the outlet nodes of a zone
equipment half-loop on to the inlet nodes of its corresponding primary air system. Each time
UpdateHVACInterface is called it also checks whether the values at the half-loop outlet nodes
are in agreement with the values at the downstream half-loop inlet nodes. If they are not it
sets the simulate flag of the downstream half-loop to frue. The values checked by
UpdateHVACInterface and their tolerances are as follows.

Quantities Tolerances
specific enthalpy [J/kg} 10.0

mass flow rate [kg/s] 0.01
humidity ratio [kg H,O / kg dry air] 0.0001
quality 0.01

air pressure [Pa] 10.0
temperature [C] 0.01

energy [J] 10.0

ResolveAirLoopFlowLimits is invoked to deal with zone equipment — primary air system flow
mismatches. For instance the zone air terminal units (ATUs) may be asking for more air than
the central fan can supply. In this case ResolveAirLoopFlowLimits takes the air flow that the
fan can supply and apportions it among the ATUs in proportion to their design maximum air

flow rates (ResolveAirLoopFlowLimits sets the m at the entering node of each ATU

max avail ,node
in the system).

At the end of the air loop simulation ResolveLockoutFlags is called. This subroutine checks if
any air system component has requested that the economizer be locked out. If such a
request has been made and if the economizer is active, ResolveLockoutFlags sets
SimAirLoops to true and the EconolLockout flag to true to ensure that the air loop will be
resimulated with the economizer forced off.

Primary Air System Simulation

When the EnergyPlus HVAC simulation manager needs to simulate the primary air system
side of the air loop it calls ManageAirLoops, the primary air system simulation manager
subroutine.
Note that “air loop” is used inconsistently in the program: sometimes it means the full loop
consisting of both supply & demand sides — primary air system and zone equipment;
sometimes it means just the supply side — the primary air system.
Like the other manager routines in EnergyPlus, ManageAirLoops has a very simple structure:

ManageAirLoop Code

IF (GetlnputFlag) THEN IFirst time subroutine has been entered
CALL GetAirPathData ! Get air loop descriptions from input file
GetlnputFlag=_false.
END IF

I Initialize air loop related parameters
CALL InitAirLoops(FirstHVACIteration)
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1 Call the AirLoop Simulation
IF (SysSizingCalc) THEN

CALL SizeAirLoops
ELSE

CALL SimAirLoops(FirstHVACIteration,SimZoneEquipment)
END IF

1 No Update

1 Report information at the Manage Air Loop Level
CALL ReportAirLoops

(1) If the user input data has not been input, get the data and store it in the air loop data
structures.

2) Perform air loop initialization calculations:
(a) at the beginning of the simulation (one time initializations);
(b) at the start of each environment (design day or simulation run period);
(c) before each air loop simulation.

3) If automatic sizing of the loop flow rates is called for, do it.

4) Otherwise perform a simulation of the air loop.

Input data

The input data specifying an air loop consists of:
1) the loop configuration;
(a) Splitters, Mixers, and Branches;
(b) Components on the Branches
2) loop control;
(a) Controllers;
(b) System Availability Managers;
3) connection to zone equipment;
4) design flow rate.

These objects and their data are described in the EnergyPlus Input Output Reference
document. The utility routines used to get and check the data are described in the
EnergyPlus Guide for Module Developers, section Input Services.

Initialization Calculations
One Time Calculations

Zones Served by System

The main one time calculation involves figuring out what zones are served by each air loop.
The EnergyPlus input does not explicitly describe which zones receive supply air from a
given air loop. Instead that knowledge is embedded implicitly in the overall air loop — zone
equipment network description. For sizing calculations it is important to have a data structure
that explicitly shows which zones each air loop serves. For instance, the air loop design
supply air flow rate is obtained by summing the design heating or cooling air flow rates of the
zones connected to the air loop.

For each air loop, the following calculation is performed.

(1) For each air loop outlet branch, the corresponding zone equipment inlet node is
identified.
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)
(3)

(4)

®)

(6)

This node number is compared to the inlet node of all Zone Supply Air Paths. When a
match is found, the Zone Spilitter for this ZoneSupplyAir Path is identified.

The outlet nodes of the Zone Splitter are compared to the cooling inlet nodes of all the
zone Air Distribution Units. When a match is found this zone is identified as being served
by cooling supply air from the air loop.

Similarly the outlet nodes of the Zone Splitter are compared with the heating inlet nodes
of all zone Air distribution Units. A match indicates that this zone is served by heating
supply air from the air loop.

The case where there is no Zone Splitter for a Zone Supply Air Path must be handled. In
this case the program looks for a match between the zone equipment inlet node and an
Air Distribution Unit heating or cooling inlet node. When a match is found that zone is
identified as being served with heating or cooling supply air from the air loop.

The list of cooled and heated zones are saved in the air loop data structure
AirToZoneNodelnfo.

Branch Sizing

If this not an air loop sizing calculation, but is the first pass through the HVAC code in a
normal simulation, loop over all the branches in all air loops and trigger the branch design air
flow auto-sizing calculation. The actual calculation is described in the Sizing section of this
document.

Begin Environment Initializations

For each air loop, loop over all the branches in the loop. Initialize each branch mass flow rate:

mbr,max = lostd ’ Vbr,max

mbr,min = pstd ’ I/br,min

where p_ . is the density of air at 20 degrees C, humidity ratio = 0, standard pressure.

For each branch, loop over all the nodes on the branch and set the node data to the following

values:
T, =20°C
W ote =W
h, .. = PsyHEnTdbW (20.0,W )
mnode = mbr,max

mmax,node - mbr,max

mmax avail ,node ~ mbr,max

0.0

msetpt,node -

0.0

mmin avail ,node
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pnode = pstd,baro

Qu, ., =0.0

where W, is the humidity ratio of the outside air; PsyHFnTdbW is the EnergyPlus

psychrometric function for enthalpy h, given temperature and humidity ratio; and Qu is
quality.

System Time Step Initializations

For each branch in each air loop, loop over all the nodes on the branch and set
m =0.0; if it is the start of an HVAC solution sequence set m =m

setpt,node ‘max avail ,node max,node *

Then set the mass flow rate setpoints for the air loop nodes.
1. On each air loop, loop over the outlet branches and find the loop outlet nodes. If it is the
start of an HVAC solution sequence, set m =m This will insure that

setpt ,outletnode outletbr ,max *

during the first pass through the full loop that the mass flow rate will be at the maximum.
Otherwise, set m This sets the air loop flow rate to the total

setpt ,outletnode = mzone eq inletnode *
zone requirement.

2. Pass the mass flow rate setpoint upstream to the start of the outlet branches; through the
splitter, if one exists; and upstream to the beginning node of the splitter inlet branch.

3. Sum the total return air mass flow rate and save it in the AirLoopFlow data structure.

4. For each air loop, loop over the inlet nodes and, at the start of each HVAC solution
sequence, set the entering node mass flow rate equal to the primary air system design

mass flow rate (subject to it not being larger than the entering node mass flow rate
setpoint).

Central air system simulation

The subroutine SimAirLoops does the actual simulation the central air system equipment for
all the air loops. The simulation of a full air loop (central equipment plus zone terminal units
and equipment) requires the interaction of 2 managers: ManageAirLoops and
ManageZoneEquipment. Thus a single call to SimAirLoops results in a simulation of all the
central air system equipment, but this is one part of a larger iterative simulation of the full air
loops involving the zone equipment as well.

SimAirLoops accomplishes its task using a set of nested loops.
m  Loop over all of the central air systems (Air Primary Loops).
m  For each air system, make 1 or 2 simulation passes
m  Loop over each controller in the Air Primary Loop
m For each controller, repeat the simulation of all the Air Primary Loop
components until the controller has converged
m  Loop over each branch in the Air Primary Loop
m  On each branch, simulate in sequence each component

During and at the end of each loop some tests are performed.
At the end of the first pass of loop 2, a decision is made on whether a second pass is
needed. The first pass has been performed assuming that there is a mass flow balance in the
central air system simulation. This is usually the case. A call to ResolveSysFlow checks the

mass balance and imposes a mass balance if there is not a balance. The lack of a system
mass balance requires a resimulation of the central air system: i.e., a second pass in loop 2.

In loop 3 a call to ManageControllers simulates controller action and checks for controller
convergence. If convergence is achieved loop 3 is exited.
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After all the controllers on a loop are converged, steps 5 & 6 are repeated one more time to
ensure all the components on the loop have final values.

At the end of the primary air system simulation a call to UpdateHVACInterface passes the
primary air system outlet node data to the zone equipment inlet nodes. If the data across the
supply side — demand side gap doesn’t match to within a preset tolerance, the flag
SimZoneEquipment is set to true to ensure that the zone equipment side gets resimulated.
Finally a flag indicating whether the economizer is active is set. This flag is used at a higher
level to decide whether the primary air system needs to be resimulated if an HVAC
component is calling for economizer lockout.

Zone Equipment Simulation
When the EnergyPlus HVAC simulation manager needs to simulate the zone equipment side

of the air loop it calls ManageZoneEquipment, the zone equipment simulation manager
subroutine. Like the other managers, ManageZoneEquipment has a very simple structure:

IF (GetlnputFlag) THEN
CALL GetZoneEquipment
GetlnputFlag = .FALSE.

END IF

CALL InitZoneEquipment(FirstHVACIlteration)
IF (ZoneSizingCalc) THEN
CALL SizeZoneEquipment
ELSE
CALL SimZoneEquipment(FirstHVAClteration, SimAir)
END IF
CALL RecordZoneEquipment(SimAir)
CALL ReportZoneEquipment

SimZone = _False.

RETURN

1. If the user input data has not been input, get the data and store it in the zone equipment
data structures

2. Perform zone equipment initialization calculations.

3. If calculation of the design zone air flow rates and loads needs to be done, do it. The
results of this calculation are stored in the zone sizing data structures and used by the
component automatic sizing algorithms and the central system sizing calculations.

4. Otherwise simulate all of the zone equipment.

5. Transfer the zone equipment outlet node data to the inlet nodes of the primary air
systems and check for convergence (done in RecordZoneEquipment by calling
UpdateHVACInterface).

Input data

The input specifying a set of zone equipment consists of:
1) the Controlled Zone Equip Configuration object data;

(a) the zone connection to the air loop — air inlet nodes, exhaust nodes, outlet node,
zone node;

(b) the components serving each zone — air terminal units, fan coils etc.;
2) zone supply air path data;
(a) zone splitters and supply plenums;
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3) zone return air path data;
(a) zone mixer and return plenums;

Initialization Calculations

One Time Calculations

There are no one time calculations for zone equipment
Begin Environment Initializations

For each controlled zone initialize the zone inlet, exhaust and zone nodes to standard
conditions. Namely:

T, =20°C

W ote = Woa

h . =PsyHFnTdbW (20.0,W,,)
Mo, =0

O, =1.0

Puode = Poa

where W,, is the humidity of the outside air; PsyHFnTdbW is the EnergyPlus psychrometric

function for enthalpy h, given temperature and humidity ratio; p,, is the pressure of the
outside air; and Qu is quality.

System Time Step Initializations

For each controlled zone, set the exhaust nodes conditions equal to the zone node
conditions; except set the exhaust nodes mass flow rate and min and max available mass
flow rates to zero.

Simulation

The subroutine SimZoneEquipment does the actual simulation of all the zone equipment.
Note that this includes components that are part of the demand side of an air loop as well as
components that are independent of any air loop.

For zone equipment components that are part of the demand side of an air loop the
simulation sequence is effectively performed in the direction of the air flow. First the supply
air plenums and zone splitters are simulated in their input order. Then the air terminal units
are simulated followed by the zone return plenums and zone mixer. Each air terminal unit
sets its inlet node to the air mass flow rate required to satisfy its zone load. These mass flow
rates are then passed back upstream to the air loop demand-side inlet nodes at the end of
each zone equipment simulation sequence. These demand-side inlet mass flow rates are
then used as mass flow rate setpoints in the air loop supply-side simulation.

If multiple air-conditioning components are attached to a zone, the components are simulated
in the order specified by the user assigned priority given in the Zone Equipment List object.

For each full air loop there should be 1 supply air path for each primary air system outlet (i.e.
1 for single duct systems, 2 for dual duct systems). For each full air loop there should be one
return air path. The supply air paths consist of any combination of zone splitters and zone
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supply air plenums as long as it forms a tree structure with the supply air path inlet node the
root and the air terminal unit inlet nodes as the leaves. The return air path configuration is
limited to a single mixer; there may be multiple return plenums.

(1) Loop over all the supply air paths.

(a) Loop over each component (supply plenum or zone splitter) on the supply air path
and simulate each component. The components are simulated in input order.

(2) Loop over all the controlled zones.
(a) Set the required system output.
(b) Loop over the components serving the zone in the user prioritized order.
(i) Simulate each component.
(ii) Increment the required system output.
(3) Loop over all the supply air paths

(a) Loop over the components on each supply air path in reverse input order. This
reverse order simulation passes the air terminal units inlet mass flows back upstream
to the return air path inlet node.

(b) Check to see if the supply air path inlet node mass flow rate has changed. If it has set
the SimAir flag to true. This signals the HVAC manager that the supply-side of the air
loop needs to be resimulated.

(4) Calculate the zone air flow mass balance — the zone inlet and exhaust mass flow rates
are summed and the zone node and return air node mass flow rates are determined by a
mass balance for each zone.

(5) Calculate the conditions at each zone return air node. Here energy not included in the
zone energy balance such as light-heat-to-return-air is added to the return nodes of the
controlled zones.

(6) Loop over all of the return air paths.

(a) Loop over each component (return plenum or zone mixer) on the return air path and
simulate each component.

This completes a single simulation sequence of all the zone equipment.

Central system air is usually supplied to a zone through a terminal unit such as a single duct
VAV reheat box. Sometimes, however, it is desirable to supply central system air directly to a
zone without any zone level control or tempering. An example would be Furnace or Central
DX equipment. Direct air is the component used to pass supply air directly into a zone
without any thermostatic control. The Direct Air unit allows the program to know what zone
this branch of the air system is attached to and a place to input the maximum air flow rate.

The Direct Air object creates the capability of supplying central system air directly to a zone
and only contains the zone inlet node. This node is both the zone inlet node and the outlet
node of the Zone Splitter. It can be thought of as a balancing damper in the duct branch
going to the zone. This inlet flow rate can be adjusted by a schedule. This can be thought of
as a seasonal adjustment of the balancing damper.

For the Direct Air objects to work correctly, it is important in any systems including Direct Air
objects for the sum of the maximum zone air flow rates to be equal to the maximum central
system flow rate. The zone maximum flow rates are specified in the direct air inputs. The
central air system flow rate is specified in the Air Primary Loop input and also in the air loop
branch and central fan inputs.
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Plant/Condenser Loops

Integration of System and Plant

In order to integrate the air handling system simulation with the zones simulation, methods
were developed to model the system air loop and its interactions with the zones due to
temperature controls and the relative difference between the zone and supply air
temperatures. A similar situation is encountered when integrating the central plant
simulation. Typically, the central plant interacts with the systems via a fluid loop between the
plant components and heat exchangers, called either heating or cooling coils. In EnergyPlus
the performance of the systems and plant are interdependent because the simulations are
combined. The plant outputs must match the system inputs and vice versa. That is, the
temperature of the chilled water leaving the plant must equal the temperature of the water
entering the coils, and the chilled water flow rate must satisfy mass continuity. In addition,
coil controls are usually necessary to ensure that the values of chilled water flow variables
entering and leaving the coil remain in a reasonable range. The specific controls vary from
application to application but two common possibilities are: maintaining a constant coil
leaving air temperature or limiting the water temperature rise across the coil.

Current Primary System Modeling Methodology

There are three main loops within the HVAC simulation in the new program: an air loop, a
plant loop, and a condenser loop. The air loop is assumed to use air as the transport
medium as part of an air handling system while the plant and condenser loops may use a
fluid of the user’s choosing (typically water). A user may have any number of each type of
loop in a particular input file. There are no explicit limits on the number of loops within the
program—the user is only limited by computer hardware. Execution speed will naturally vary
with the complexity of the input file.

Main loops are further divided into “sub-loops” or “semi-loops” for organizational clarity and
simulation logistics (see Figure “Connections between the Main HVAC Simulation Loops and
Sub-Loops”). These sub-loops are matched pairs that consist of half of a main loop. Plant
and condenser loops are broken into supply and demand sides. The plant demand loop
contains equipment that places a load on the primary equipment. This might include coils,
baseboards, radiant systems, etc. The load is met by primary equipment such as chillers or
boilers on the plant supply loop. Each plant supply loop must be connected to a plant
demand loop and vice versa. A similar breakdown is present on condenser loops where the
demand side includes the water side of condensers while the supply side includes condenser
equipment such as cooling towers.
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Figure 81. Connections between the Main HVAC Simulation Loops and Sub-Loops.

The breakdown into sub-loops allows for better handling and control of information and
simulation flow throughout the program. Direct connections between the sub-loops of the air,
plant, and condenser loops are enhanced by indirect connections between the various main
loop types. For example, coils (heating or cooling) are in reality heat exchangers with an air
and a water or refrigerant side. The air side of the coil is handled within the air loop where
the control of the device is also maintained. The fluid side of the coil is handled within the
plant demand side, which passes the energy requirements of the coil on to the plant supply
side. All loops are simulated simultaneously, though sub-iteration loops are maintained
between the two sides of any loop to speed convergence. Overall iterations ensure that the
results for the current time step are balanced and updated information has been passed to
both sides of the sub-loops as well as across to the other side of indirect connections such as
coils.

Branches further divide the sub-loops into groups as they would appear within any HVAC
system. Elements can be defined in series, in parallel, or both with some restrictions. Figure
“Branch Layout for Individual HVAC Sub-Loops” provides an overview of a generic sub-loop
representation. Branches are defined as individual legs within the loop structure. Thus, the
segment between point A and point B is defined as a branch, as is the section between
points E and F. There may be multiple sections (C1 to D1 through Cn to Dn) in between the
splitter and mixer. Each sub-loop may only have one splitter and one mixer. Thus,
equipment may be in parallel between the mixer and splitter, however, within any branch,
there can only be elements in series and not in parallel. The topology rules for individual sub-
loops allow a reasonable amount of flexibility without requiring a complicated solver routine to
determine the actual flow and temperature conditions. Note that since plant supply and
demand are broken up into two separate sub-loops chillers or boilers may be in parallel to
each other in the supply side and coils may be in parallel to each other on the demand side.
Thus, the restriction of only a single splitter and mixer on a particular sub-loop does not limit
the normal configurations. Also, a sub-loop does not require a splitter or mixer if all
equipment on the sub-loop are simply in series—this would correspond to a single branch
that would define the entire sub-loop.
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Figure 82. Branch Layout for Individual HVAC Sub-Loops

Essentially, each branch is made up of one or more components linked together in series.
The branch has an information node containing properties of the loop (temperature, enthalpy,
flow rate, etc.) at the beginning and end of the branch as well as between components.
Components on the branch take the conditions of the node at their inlet and use that
information as well as overall control information to simulate the component and write the
outlet data to the node following the component. This information is then used either by the
next component on the branch or establishes the outlet conditions for the branch.

Plant Flow Resolver

Overview of the Plant Flow Resolver Concept

One of the most important aspects of the solution procedure within the plant and condenser
loops of the new program is the method used to solve the various sub-loops. This involves
making the supply side meet a particular load based on the simulation of the demand side
loops. Load distribution is an issue that must be addressed as well as how flow rates are
adjusted and temperatures are updated. These issues are discussed in the next several
subsections, and the algorithms described are important to how the HVAC simulation
functions.

In the first step, the loop manager would call the appropriate module to simulate (in order) all
of the components on each branch of the loop except for splitters and mixers. In this step,
each component would set the conditions at the outlet node including temperature, flow rate,
maximum allowed (design) flow rate, minimum allowed (design) flow rate, maximum available
flow rate, and minimum available flow rate. This would be based purely on the component’s
own control scheme and thus each component would be free to request as much (or as little)
flow as desired.
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In the second step, the loop manager would resolve the flow at all nodes and through all
branches of the local loop. The components are then simulated with the corrected flows. For
this iteration, the flow resolver sets the flow rate through each loop component.

Pump Control for Plant and Condenser Loops.

The pump is quite simply the component that drives the flow (also see Pumps). How it reacts
depends on several different conditions. In total, there are three different decision variables,
two of which are defined by user input. These three deciding factors are whether the pump is
constant or variable speed, whether the pump operation is continuous or intermittent, and
whether or not there is a load on the loop. The pump is simulated first on the supply side
loop after the demand side loop has determined what the demand on the loop will be. The
load is simply calculated by multiplying the requested flow rate from the demand side by the
difference between the enthalpy at the supply side inlet and the enthalpy that corresponds to
the current loop setpoint temperature. This setpoint temperature is the fluid temperature that
one is attempting to maintain at the outlet of the supply side and can be scheduled to
different values on an hourly basis.

The operation of a constant speed pump is fairly straightforward. If the user designates a
constant speed pump that is operating continuously, the pump will run regardless of whether
or not there is a load. This may have the net effect of adding heat to the loop if no equipment
is turned on. If the pump is constant speed and operates intermittently, the pump will run at
its capacity if a load is sensed and will shut off if there is no load on the loop.

A variable speed pump is defined with maximum and minimum flow rates that are the
physical limits of the device. If there is no load on the loop and the pump is operating
intermittently, then the pump can shutdown. For any other condition such as the loop having
a load and the pump is operating intermittently or the pump is continuously operating
(regardless of the loading condition), the pump will operate and select a flow somewhere
between the minimum and maximum limits. In these cases where the pump is running, it will
try to meet the flow request made by demand side components.

In many cases, the first estimate of flow requested by the demand side tends to be fairly
accurate and the flow rate does not vary in subsequent iterations. However, because there is
the possibility that the coils or some other component might request more flow in future
iterations during the same time step, the program must not only set flow rates but also
maintain a record of the current maximum and minimum flow rate limits. This information is
important not only to the pump itself but also to other pieces of equipment which may control
their flow rates and thus require knowledge of the limits within which they may work. In
general, the decisions on what to set the maximum and minimum flow rates is directly related
to the type of pump (constant or variable speed). For constant speed pumps, the maximum
and minimum flow rate values are the same and thus if the flow requested does not match
this, the other components must either deal with the flow or a bypass branch must be
available to handle the excess flow. For variable speed pumps, the maximum and minimum
flow rates are set by the user-defined limits.

Plant/Condenser Supply Side

Component models, such as boilers, chillers, condensers and cooling towers are simulated
on the supply side of the plant and condenser loops. In order to allow specification of realistic
configurations, the plant and condenser supply side loop managers were designed to support
parallel-serial connection of component models on the loop. In addition, loop managers were
designed to support both semi-deterministic models (e.g. the parameter estimation models of
the ASHRAE Primary Toolkit [Pedersen 2001]) and “demand based” models (e.g. the
performance map models of BLAST and DOE2.1E). As a result, the loop manager must be
able to simulate models that require the mass flow rate as an input and models that calculate
the mass flow rate as an output—sometimes in the context of a single loop configuration.

In order to achieve these design criteria without resorting to a pressure based flow network
solver in the HVAC portion of the code, a rules-based “flow resolver’ was developed for the
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EnergyPlus plant and condenser supply side managers. The flow resolver is based on the
following assumptions and limitations:

o Each loop is only allowed to have a single splitter and a single mixer

e Due to the fact that there can only be one splitter and one mixer on a given loop, it
follows logically that there can be at most one bypass on each loop

o No other components may be in series with a bypass, i.e., a branch that contains a
bypass may have no other equipment on that branch

e Equipment may be in parallel only between the splitter and mixer component of a
loop or between one of those types of equipment and the loop inlet/outlet nodes

¢ Equipment may be hooked together in series in each branch of the loop

e Flow rates on individual branches will be controlled using maximum and minimum
available flow rate limits

The flow resolver employs a simple predictor-corrector algorithm to enforce mass continuity
across the plant loop splitter as shown in the following figure.
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Figure 83. Plant/Condenser Supply Side Solution Scheme.
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As previously discussed, the pump establishes the total loop mass flow rate by setting the
flow in the first supply side branch. In the second step, a predictor algorithm polls each piece
of equipment on the loop and “predicts” branch mass flow rates based on the requested flow
rate for each. The loop manager calls the appropriate module to simulate (in order) all of the
components on each branch of the loop except for splitters and mixers. In this step, each
component sets the conditions at its outlet node including temperature, flow rate, maximum
allowed (design) flow rate, minimum allowed (design) flow rate, maximum available flow rate,
and minimum available flow rate. These predicted values are based purely on the
component’s own control scheme a