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ABSTRACT

Through sponsorship of the Loads Toolkit and
coming changes to the Handbook of Fundamentals,
ASHRAE has taken the lead in promoting a heat
balance based approach as the "preferred" method
for thermal load and energy analysis calculations.
Building on previous ASHRAE research and to some
extent the BLAST (Building Loads Analysis and
System Thermodynamics) program, one of the goals
of the Loads Toolkit research project is to obtain a
heat balance based load calculation procedure that is
relatively simple in structure where various
algorithms, such as different exterior convection
coefficient calculation techniques among many
others, can be hooked into the heat balance without
any restructuring. One of the keys to achieving this
goal is the adaptation of legacy versions of a heat
balance based approach a nd their modularization
using a modern programming language such as
FORTRANO90. This process was not a trivial task, and
the insight gained in this re-engineering process in a
small-scale (single zone) environment provided ideas
for modularizing a largers cale (multiple zone) program
such as EnergyPlus. This paper gives an overview of
the challenges faced in modularizing the heat balance
algorithms in both the Loads Toolkit and EnergyPlus.
In addition, it provides an analysis of the resulting
heat balance routines in each project and suggestions
for the developers of other simulation programs as
well as those interested in working with the Loads
Toolkit and EnergyPlus.

INTRODUCTION

During the late 1990s, ASHRAE Technical Committee
4.7 (Energy Calculations)set out to complete its effort
to provide the simulation community with calculation
algorithms that could be used to model various
aspects of buildings from its primary and secondary
systems to its envelope. The last component in the
toolkit series was the loads calculation toolkit. The
two key features of the Loads Toolkit (RP-987) were

the modular nature of the programming as was the
case with the previous primary and secondary
equipment toolkits and the reliance on strict heat
balance procedures. The requirement for a heat
balance based algorithm was based on the wide
agreement within the simulation community that a
heat balance approach should, in theory, be the most
accurate with the fewest built-in assumptions. While
in the past, the heat balance procedures have been
less highly regarded in part due to their slower run-
times, the current computing power and speed has
risen significantly in the past decade, and the
concerns about execution times have been overcome
for the most part.

During the period when the research goals and work
statements were being finalized in ASHRAE
Technical Committee 4.7, ASHRAE Technical
Committee 4.1 (Load Calculation Data and
Procedures) was completing a revision of the Cooling
Load Manual that was also based on the heat balance
approach. This work was part of RP-875 (Pedersen
1997) that also included sample software
demonstrating an implementation of a heat balance-
based load calculation algorithm. In the eyes of both
Technical Committee 4.1 and 4.7, the goal of Cooling
Load Manual and the Loads Toolkit was the widest
possible dissemination of the project results and
maximum re -use of the information and/or algorithms
by the simulation public. The similar goals led to the
use of RP-875 (Pedersen 1998) programming as a
starting point for RP-987 (Loads Toolkit).

In the big picture, the EnergyPlus project (Crawley
2001) and its load calculation engine have very similar
goals to RP-875 and RP-987. The EnergyPlus project
also began in the late 1990s as an effort to combine
the best features of BLAST and DOE-2, two popular
energy analysis programs used internationally, into a
single program. The goal was to provide the
simulation community with a single platform for model
development, saving costs and time in the never-
endin g process of keeping the programs up to speed
with the rapid changes in the HVAC industry and
maximizing the impact a new program might have on



the architectural and engineering community. In
addition, the development team identified algorithm
accuracy and program enhancements by a wide
variety of simulation experts as essential for the
success of the project. All of these goals led the team
to pursue a modularized heat balance approach. The
heat balance approach would provide the most
fundamentally based foundation to build a program
while a modular version of the heat balance would
allow more rapid modifications to the program by
researchers both inside and outside the original
program development team.

So, the nature of the Loads Toolkit and the
development of the EnergyPlus program both require
a modular programming structure that will facilitate
ease of understanding by potential users and more
efficient modification and enhancement by
developers. However, despite having the same “big
picture” goals, the stark differences in the data
structure and the specific goals of the two projects
resulted in significantly difference formulations of a
modular heat balance algorithm. These differences in
themselves and the path taken to arrive at the two
algorithms are interesting from a building simulation
standpoint as well as from a generic standpoint of
other types of simulation programs.

Most of the dilemma is created by the tension
between the needs of smaller, limited audience
projects such as the Loads Toolkit and larger, more
generic programs such as EnergyPlus. This is most
visibly seen in the classical data versus algorithm
conflict that plays slightly different roles in the Loads
Toolkit and EnergyPlus. In the Loads Toolkit with its
more limited amount of data due to its single zone
nature and its somewhat limited features, the amount
of data sharing is kept to a minimum. This results in a
cleaner modular structure and a simpler heat balance
algorithms. In EnergyPlus with more data and more
features, the amount of sharing that is required
increases by several orders of magnitude, placing
much larger demands on program data and requiring
more complex data structures.

The remainder of this paper begins with an
introduction to the heat balance approach. Using this
definition as a basis, the concept of implementing this
approach within the framework of single zone and
multiple zone simulations is addressed. While the
programs and simulation environments mentioned in
this paper are clearly not the only applications of heat
balance based energy and loads calculations for
buildings, they do provide a view into the inner
workings of a method that is never trivial to bring to a
solution.

HEAT BALANCE APPROACH

The heat balance approach is an attempt to capture
the fundamental thermal physics of a building
envelope by applying the First Law of
Thermodynamics (conservation of energy) to
important points within the building geometry. The
most classical formulation of the heat balance
approach applies a control volume at the outside face
of every building surface, at the inside face of every
building surface, and around the inside air of each
thermal zone defined within the building. This can be
seen graphically in Figures 1 through 3.

In the outside surface heat balance, the four thermal
“forces” acting on the control volume at the outer
surface of each wall as shown in Figure 1 must be
balanced for energy to be conserved. This assumes
that the control volume itself has no mass and thus
no ability to store energy. Mathematically speaking,
we can formulate the following equation from this
diagram:

QSWrad + QLWrad + Qconv + Qcond =

where:

Qswrad is the amount of solar radiation
absorbed on the surface,

QLwrad 1s the amount of thermal radiation
exchanged between the surface and its
surroundings (including the ground, sky, air,
other buildings, vegetation, etc.),

Qeonv is the amount of convection between
the surface and the surrounding air, and

Qcond 18 the amount of energy conducted into
the wall materials.

Further details on the various components of the
outside surface heat balance are available in the
literature (McClellan 1997). Given known
environmental conditions, the above equation breaks
down into a single equation (or series of equations
for multiple surfaces —one equation per surface) and
two unknowns: the outside and inside surface
temperatures. Both of these terms are also unknowns
in the inside surface heat balance equation.

In the inside surface heat balance, the six thermal
“forces” acting on the control volume at the inside
surface of each wall as shown in Figure 2 must be
balanced for energy to be conserved. Again, this
assumes that the control volume itself has no mass
and thus no ability to store energy. Mathematically
speaking, we can formulate the following equation
from this diagram:



Qsotar + Qswights + Quwradexch

+ QLWradIntGas + Qconv + Qcond = 0

where:

Qsolar 1S the amount of solar radiation
absorbed on the inside face of the surface,

Qswiighs is the amount of short wavelength
radiation from lights that is absorbed by the
surface,

QLwradexch is the amount of net long
wavelength (thermal) radiation that is
exchanged with other surface in the zone,

QLwradiniGains 1S the amount of long
wavelength (thermal) radiation from internal
heat gains such as people, lights, and
equipment that is absorbed by the surface,

Qeonv is the amount of convection between
the surface and the air in the zone, and

Qcond 18 the amount of energy conducted into
the wall materials.

Further details on the various components of the
inside surface heat balance are available in the
literature (Liesen 1997). As with the outside surface
heat balance, each inside surface heat balance is a
single equation (or series of equations) with the
inside and outside surface temperatures as the
unknowns. It should be noted that there is one other
term in the inside heat balance that may also be
unknown: the zone air temperature. In some cases,
the zone air temperature is a known setpoint
temperature. In situations where a conditioning
system is not present, not operating, out of capacity,
or not controlling air temperature directly (as in a
radiant system), the zone air temperature may be
“floating”. In this case, the zone air heat balance
must be solved to obtain the zone air temperature.

The zone air heatbalance has two possible
formulations depending on whether or not the
storage of energy in the air itself is taken into
account. From Figure 3, it can be seen that in the
absence of accounting for energy storage in the zone
air, a heat balance equation would be similar to the
following:

Qconv + QconvIntGai ns + Qinfil + sts = 0

where:

Qconv 18 the amount of convection between
the all of the surfaces in the zone and the
ZOne air,

QeonvintGain 1 the amount of heat convected
from internal gains such as people, lights,
and e quipment,

Qinfit is the amount of heat gained or lost due
to infiltration, and

Qsys is the amount of heat added to or
subtracted from the space due to a space
conditioning system.

For most cases, the quaststeady equation shown
above is adequate for solv ing the zone air heat
balance. However, when one attempts to integrate
the heat balance solution with a primary and
secondary equipment simulation to allow feedback
between the equipment and the heat balance, the
mass of the zone air actually helps to stabilize the
solution. In that case, rather than setting the four
“driving forces” to zero, one accounts for the energy
storage capacity of the air with the addition of one
term:

dT

CE = Qconv+ QconvIntGrasi + Qinﬁl + sts

where C is the product of the mass of the zone air and
the specific heat of air. Used in conjunction with a third
order finite difference approximation for the derivative
term and time steps between 0.1 and 0.25 hours, this
method of calculating the zone air heat balance has been
shown to be stable (Taylor 1991).

Thus, the basic heat balance approach is to set up
energy balance equations using control volumes at
the inside and outside faces of each surface in a
particular zone as well as a control volume around the
zone air. For a zone with N surfaces, this produces a
system of 2N+1 equations with 2N+1 unknowns.
While a solution can be found for this system of
equations, the actual solution process is not trivial
and generally involves either an iterative scheme or a
more complex solution algorithm. Some of these
details will be discussed in the next sections.

SINGLE ZONE IMPLEMENTATION

In part, the ASHRAE RP-875 project began with the
process of taking the heat balance concepts from the
BLAST (BLAST Support Office 1995) heat balance
engine that has been shown to be a robust and
capable simulation algorithm for over two decades. A
new program was then written whose scope was
limited to a single zone with 12 well-defined surfaces
(4 walls, ceiling/roof, floor, internal mass, and
windows for the walls and ceiling/roof) for a single
simulation day. In the process of creating this “new”
program which was called HBFort, the research team
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broke the heat balance algorithm into elements that
defined distinct categories of environmental effects
(such as convection, sky models, etc.) and then
hooked them together again using the heat balance
approach outlined in the preceding section. The
hope was that the newly organized structure would
allow for swapping between algorithms (such as
selecting alternate sky models in successive runs)
easily. While the program that resulted was
successful in fulfilling its goals, the team realized
during the project that there were many lessons that
were learned that could benefit future projects.

One area in which problems were noted was during
the “testing” phase. Substantial work had been done
in the past to verify the BLAST program, but this
work was not valid for HBFort. As a result, a
significant amount of work was invested to compare
the results between BLAST and HBFort. This
process was time consuming and tedious, even
considering the substantial amount of run automation
that was already in existence (Strand 1996).
Reflections on these problems were responsible in
part for some of the software development
procedures used in both the ASHRAE Loads Toolkit
and EnergyPlus.

Another area where the team realized there was room
for improvement in HBFort was modularity and data
structure. Algorithms were separated into distinct
“modules” in HBFort. In fact, the heat balance
routines were relatively clean in comparison to
BLAST in that very few calculations existed within
the heat balance routines other than the surface
temperature equations themselves. Most of the
actual calculations were done by calling the
appropriate subroutine for the various components of
the heat balance. The advantage to this structure
was the ability to easily switch between different
component calculations algorithms. For example,
selecting between the BLAST and the Brown sky
models was now simply a matter of making the
appropriate subroutine call.

However, despite the clearer separation of algorithms,
data structures were generally declared as “public” to
all modules or were available through the “USE”
statements that are required in FORTRANO90 to grant
access from one module to another. While this did
not necessarily present a problem for a limited scope
program such as HBFort, such a data structure was
not modular and would not work for either the
ASHRAE Loads Toolkit or EnergyPlus.

Finally, HBFort also made the research team aware of
some of the struggles that the original developers of
BLAST experienced in trying to get a heat balance
solution to converge for all cases. In BLAST, a
modified successive substitution (also known as

Gauss-Seidel) approach was used to achieve
simulation convergence. The modifications to this
process include special versions of the outside heat
balance equations for surfaces that reacted quickly to
environmental changes (very low or no thermal
mass/capacitance constructions) or surfaces that
reacted more slowly. Within the successive
substitution solution, iterations occurred mainly in
the inside heat balance. Temperatures at the inside
surface were assumed to be converged when the
maximum change in any inside surface temperature
from the previous iteration to the current iteration was
less than 0.01°C.

In HBFort, the iteration scheme was modified slightly
to avoid the necessity of multiple forms of the outside
heat balance equation. To resolve this issue,
additional iterations were allowed between the inside
and outside surface heat balances. The basic form of
the iterative scheme is:

Day Iteration Loop
Hour Loop (1 to 24)
Surface Iteration Loop
Outside Surface Heat Bal
Inside Surface Heat Bal
End Surface Iteration Loop
Zone Air Heat Balance
End Hour Loop
End Day Iteration Loop

The surface heat balances successively run through
each surface contained in the user input model. The
number of surface iteration loops and the number of
day loops were considered user input rather than
fixed. As aresult, stability was not necessarily
guaranteed and convergence to a steady periodic
solution was also not assured. Nevertheless, using
reasonable input values, fairly accurate simulation
results could be obtained for a single zone over one
simulation day in a very short amount of time
(typically around 1 second execution time) for fixed
one-hour time steps.

While the purpose of the ASHRAE Loads Toolkit
(RP-987) was different from the HBFort program (RP-
875), HBFort did serve as a better starting point for
the development of the ASHRAE Loads Toolkit. This
was because the Toolkit was intended to be a
collection of modules that could be used by other
researchers rather than a full-featured program. In
any case, the RP-987 research team used the
successive substitution algorithm and structure of
HBFort as the framework for testing the Toolkit
modules.

The Toolkit development process used a modified
“evolutionary reengineering” (ER) process that was
developed for EnergyPlus. In ER, changes are made
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incrementally so that there is always a working
version of the code. As changes are made,
comparisons with the results of previous versions are
made to avoid the introduction of errors that are
possible when code is recreated or one “starts over”.

The main improvement in the Toolkit was the
improved modularity of the code over the parts of
HBFort. Whereas HBFort contained data modules (a
modern version of common blocks) that allowed the
sharing of data between program groups, Toolkit
eliminated these structures because of the
requirement that the Toolkit merely be a collection of
modeling modules rather than an actual program.
Thus, the design of the Toolkit was different, and
some ER was used to achieve the desired modular
structure in both data and algorithms.

The resulting Toolkit code, while bearing some
resemblance to the HBFort algorithms, is significantly
different in data structure. Whereas HBFort relied on
data modules, the Toolkit passes data as parameters
in the subroutine call statements. Any “global” data
required in individual modules is read in since each
must be a self-contained unit that can be compiled
and used separately (or integrated with other
simulation packages). An example of a property that
was required by more than a single module is the
facing angle of a surface that is required by solar
routines to determine the amount of solar radiation
incident on the surface, convection routines to
determine along with wind speed and direction the
amount of convection to/from the surface from/to the
outside air, etc.

The successful modularization of the heat balance
technique in the Toolkit also led to the ability to more
easily investigate solution techniques other than the
standard successive substitution algorithm that had
been used by BLAST and HBFort. Toolkit also
investigated a Newton-Raphson and “steady
periodic” scheme to solving the heat balance
equations for a 24 hour period (Asmundsson 2000).

In the Newton-Raphson solution method, the iterative
loops are similar to the ones shown for the
successive substitution approach shown above
except that inside the hour loop the Newton-Raphson
scheme iterates among all of the heat balances
including the zone air heat balance. This algorithm
converges quadratically provided the initial guess for
the system is “good enough”. This however can be
somewhat problematic for both the successive
substitution and the Newton-Raphson scheme and is
still a matter of study in the various heat balance
formulations.

In the Toolkit configuration, there was the ability to
experiment somewhat with different starting points.

One way to provide both the successive substitution
and Newton-Raphson schemes with a valid starting
point was to solve the system of equations using a
steady periodic s olution procedure (Asmundsson
2000). In the steady periodic approach, the order of
the simulation loops is reorganized. This is based on
the fact that if one is looking solely for the steady
periodic solution (the same day repeated over and
over again) one can actually solve the system for
each surface over 24 hours and then iterate among
the surfaces rather than iterating over the surfaces
every hour. The simulation loops in the steady
periodic solution are then:

Convergence Loop
Surface Loop
Solve Heat Bals over 24 hours
End Surface Iteration Loop
End Convergence Loop

No iteration is required among the heat balance
routines in this case because the interconnection
between these equations (linked via the conduction
transfer function or response factor terms) can be
solved algebraically. The use of the steady periodic
solution to establish a starting point for other
solution schemes that will allow the simulation of
more than a single day is made possible by the
modular nature of the Toolkit as well a s the one zone
limitation of the Toolkit heat balance formulation.

The modular nature of the Toolkit also allowed the
investigation of different solution models for various
terms in the heat balance such as convection models,
sky models, radiant exchange algorithms, etc.
Asmundsson (2000) investigated the effect of interior
radiant exchange schemes on solution convergence
speed and found that the speed of the solution was
somewhat dependent on the radiant exchange
algorithm in particular and that the moresophisticated
Newton-Raphson approach was not necessarily
quicker than the successive substitution strategy.

The simpler, less cumbersome nature of simple one
zone heat balance formulations allows a variety of
studies to be done including the modularization of
code, investigation of various solution/iteration
procedures, and trial of different component models
such as radiant exchange algorithms. While this is
convenient and provides good insight into how to
apply various new strategies to more complex
programs, multiple zone programs such as EnergyPlus
present their own set of unique challenges that must
be addressed.

MULTIPLE ZONE IMPLEMENTATION

Despite the differences between single zone programs
such as HBFort and multiple zone programs such as
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EnergyPlus, the origins of the two programs are the
same—both programs stem from the BLAST program.
HBFort was derived directly from the BLAST heat
balance routines. EnergyPlus used IBLAST, a
research version of the BLAST program that
integrated loads, systems, and plant simulations and
allowed for sub-hourly time steps (Taylor 1991), as a
starting point. The heat balance portion of IBLAST
was nearly identical to BLAST so both HBFort (and
thus the Loads Toolkit) and EnergyPlus have the
same “DNA” from the perspective of programming
code.

Unfortunately, that is where most of the similarities
end. While some of the pieces and component
models within the heat balance are comparable, the
data structure and the sheer volume of data are vastly
different. In the Toolkit, one could easily pass data
as parameters from one module to another and also
re-read the same data into different modules without
negative side effects. The same cannot be said for
EnergyPlus. Passing data as parameters can get
tedious when the modules gets several levels deep
(as opposed to only one level deep in the Toolkit). In
addition, reading the same data into several different
places in the program can be problematic. The
Toolkit will remain fairly static in its input structure,
but EnergyPlus could be required to alter its input
data structure somewhat in the future. This would
require extensive knowledge of all of the locations
where a particular piece of data was being read into
the program.

As a result of the many layers in a full-featured
simulation program and the desire to avoid multiple
reads of the same input data structures, EnergyPlus is
more like HBFort than Toolkit when one views the
internal data structure. One key difference between
the data structure of EnergyPlus and HBFort,
however, is that the EnergyPlus code is very careful
to encapsulate data and limit access to it. Global
access to all data, while appearing to be convenient at
first glance, can become dangerous in the long run.
Any data that is accessible can also be modified at
any point without restriction. This can lead to major
problems and quite unexpected results. As a result,
the goal for EnergyPlus code was to keep data
available only to local modules as much as possible
and to reluctantly allow a variable to“graduate” from
being a private variable within a subroutine to being a
private variable within a module. After that, a variable
was allowed to be public as part of a data module if
warranted and generally only to avoid multiple reads
of input data or transferring large amounts of data via
parameters through multiple module layers.

With these goals in mind, the process of taking the
IBLAST heat balance code and transforming it into
the more modular and significantly more

understandable and readable EnergyPlus code
followed the “evolutionary reengineering” (ER)
process mentioned briefly in the previous section. ER
is about making small improvements and changes to
the code and insuring that the changes have not
caused any significant shifts in the output. The
reasons for this strategy include the desire to
eliminate human errors that can easily leak into the
code during any modification process and the desire
to keep the level of confidence in the program results
as high as previous version that had been the subject
of extensive verification studies. The logic is that if
the old and the new version produce effectively the
same results and the old version was “tested”, then
the results of the new version were “verified”.

The ER process began with the baseline code and a
baseline set of input files that served as a “testing
suite”. As changes were made to make the program
more modular, the entire test suite was exercised and
the results compared to the last version. Careful
attention was made not only to small changes
between versions but also to any pronounced “drift”
over a series of changes. This helped increase the
confidence of the research team in the modularization
process. The main focus of the ER process was
modularization without significant changes to the
algorithms. One simulation detail that remained the
same throughout the procedure was the successive
substitution method as well as the iteration scheme,
all of which are substantially the same as in BLAST.

In some cases, progress was literally made on a “line-
by-line” basis to root out potential errors. In other
cases, problems relating to original variable
definitions (real vs. double precision) or to the choice
of compiler were exposed. In one classic situation,
the order of a single calculation (changing say X = A
+ B to X =B + A) actually ended up producing
slightly different answers.

The most interesting dilemma encountered during the
modularization process using ER relates to the choice
of internal radiant algorithms. Asmundsson (2000)
found that, using the Toolkit code, it was possible to
apply exact radiant exchange principles using
approximate view factors rather than the MRT method
(Walton 1980) and receive more accurate results
without any significant execution speed penalty.
However, when switching to this more exact radiant
exchange formulation (Hottel 1967) from the MRT
based method in EnergyPlus, some significant
stability problems appeared. This problem was linked
to thermal initial conditions of the simulation. It
appears that the MRT based method smoothed out
any large changes that occurred while the simulation
was just starting and that this caused the instability
with the exact interior radiant exchange formulation.



Numerous methods for resolving this instability were
tried within EnergyPlus so that the more accurate
radiant exchange algorithm could be kept. In the end,
the simulation technique that proved successful in
maintaining stability was including a damping factor
in the inside heat balance equations. This term
effectively slowed down the changes in temperature
between iteration with the damping term being
reduced to zero when the solution converged. Itis
not clear how much the time step (which can be
defined by the user for between 1 and 6 time steps per
hour) in EnergyPlus affects the noted instability.
Thus, this is an area for further research.

CONCLUSIONS

With the acceptance of the heat balance approach to
calculating thermal load in buildings, the interest in
the application of heat balance based procedures is
certain to grow. The ASHRAE Loads Toolkit
provides researchers with a set of tools to construct
their own heat balance based simulation programs
while EnergyPlus provides researchers with a
programming framework that can be enhanced to
include modules for new technologies and improved
calculational algorithms. These two projects, as
described in the previous sections, show that while
heat balance based procedures may appear simple in
concept that their application in actual code can
result in some interesting problems that require
creative solutions. However, some of the experiences
of these two projects and concepts such as
evolutionary reengineering provide evidence that
heat balance based procedures can be modularized
and successfully implemented.
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FIGURES

Figure 1. Outside Surface Heat Balance.
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Figure 2. Inside Surface Heat Balance.
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