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ABSTRACT
The pursuit of innovative architectural designs and the
development of novel and integrated energy conver-
sion, storage, and distribution technologies presents a
challenge for existing building performance simulation
(BPS) tools. No single BPS tool offers sufficient ca-
pabilities and the flexibility to resolve all the possible
design variants of interest. The development of a co-
simulation between the ESP-r and TRNSYS simulation
tools is proposed to address this need by enabling an
integrated simulation approach that rigorously treats
both building physics and energy systems. The design
that has been developed to enable such a co-simulation
is described and the programmatic tests that have been
conceived and conducted to verify the design are pre-
sented.

INTRODUCTION
Motivation
The pursuit of zero-energy buildings (see Marszal et al.,
2011, for definitions) is leading to more innovative
architectural designs and is driving the development
of novel energy conversion, storage, and distribution
technologies. Increasingly, renewable energy systems
are being exploited and energy systems are being in-
tegrated with the architecture of the building, such as
with building integrated photovoltaic/thermal systems
(see, for example, Bazilian et al., 2001). These rapid in-
novations present challenges for the building industry.
The accurate analysis of the energy benefits of these in-
tegrated designs and concepts requires the meticulous
simulation of both the building physics and the perfor-
mance of energy conversion, storage, and distribution
systems. Furthermore, greater interaction between the
building’s architecture, occupancy, and energy systems
means that it is not sufficient to treat each modelling
domain disparately; rather, the entire system must be
treated simultaneously and in an integrated manner.
Simply put, integrated building designs require inte-
grated modelling approaches.

Although building performance and energy systems
simulation methods and tools have been under de-
velopment for over four decades, the capabilities of
existing tools cannot respond to the needs elaborated
above. As argued by Trc̆ka et al. (2009), no single
tool offers sufficient capabilities and the flexibility to
enable the rapid prototyping of innovative building and
system technologies. State-of-the-art building perfor-

mance (BPS) simulation tools such as ESP-r possess
strengths in modelling building physics; but are less
flexible in the treatment of innovative mechanical and
electrical energy systems. In contrast, tools such as
TRNSYS, which was originally developed for mod-
elling renewable energy systems, possess a structure
and suite of component models that facilitate the sim-
ulation of renewable and other energy systems; but are
less precise in treating building physics.

The run-time coupling (also known as co-simulation)
of complementary tools such as ESP-r and TRNSYS
offers the possibility of an integrated simulation that
rigorously treats both building physics and energy sys-
tems.

Previous work
Numerous authors have investigated the coupling of
simulation programs. In many of these previous works,
the simulation programs have been coupled at the source-
code level. With this, the source code from one simu-
lation program is integrated into a host simulation pro-
gram. Examples include: the integration of COMIS
into TRNSYS (Dorer and Weber, 1999); the integration
of COMIS into EnergyPlus (Huang et al., 1999); the in-
corporation of some TRNSYS types (e.g. solar thermal
collector) into ESP-r (Aasem, 1993; Hensen, 1991); the
adaptation of ESP-r micro-cogeneration models into
TRNSYS (Beausoleil-Morrison, 2008); and the devel-
opment of a wrapper to enable compilation of individual
TRNSYS types into ESP-r’s plant domain (Wang and
Beausoleil-Morrison, 2009).

As an alternative to integrating at the source code level,
two simulation programs can be linked at run-time
to exchange information as they march through time.
This technique, which relies on the exchange of data
between separate executables, has been referred to as
co-simulation or external coupling (see Trc̆ka et al., 2009).
In most instances of co-simulation to date, one simu-
lation program serves as the master and controls the
co-simulation while the other serves as its slave. Ex-
amples of such co-simulations include: the integration
of Radiance with ESP-r (Janak, 1997); FLUENT with
ESP-r (Djunaedy, 2005); and TRNSYS and Energy-
Plus (Trc̆ka et al., 2009).

Wetter (2010) proposed another approach to the di-
rect coupling of two simulation programs, one which
does not impose a master-slave architecture. In the
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Building Controls Virtual Test Bed (BCVTB), a mid-
dleware manages the data exchange between different
simulators, with each simulator acting as a client. The
BCVTB’s flexible design enables clients to operate on
different computers and to exchange data with the mid-
dleware via the internet. The BCVTB offers numerous
advantages over the direct coupling of two simula-
tion programs. Despite these advantages, however, the
BCVTB’s flexible middleware design imposes a sig-
nificant restriction in the control of convergence: no
iteration between the clients is possible within a time-
step. Hence, it is limited to co-simulation with what is
referred to in the literature as loose coupling or ping-pong
coupling (see Trc̆ka et al., 2009).

Objectives and outline of paper
This paper makes a contribution to the co-simulation
field by focusing upon the specific example of the run-
time coupling between ESP-r and TRNSYS. Specif-
ically, the paper presents the methods that have been
conceived to generalize a coupling between these tools,
wherein ESP-r will treat the building domain, and po-
tentially a portion of the mechanical and electrical en-
ergy systems; and TRNSYS will resolve all or a portion
of the mechanical and electrical energy systems. The
design is both general and extensible and exploits the
substantial capabilities of both ESP-r and TRNSYS.
Importantly, the design enables what is termed a strong
or onion coupling involving the exchange of data during
the time-step for the treatment of mechanical systems.

The paper commences with a brief description of the
simulation methodologies employed by ESP-r and TRN-
SYS. Following this, the design that has been con-
ceived to couple the two tools to enable co-simulation
at the time-step level is described in detail. Tests that
have been performed to assess the feasibility of the
design are then described. The paper concludes with
a description of the subsequent tasks that will be per-
formed to effect this co-simulation.

ESP-r METHODOLOGIES
ESP-r employs a partitioned solution approach, apply-
ing customized solvers to each model domain (thermal,
electric power flow, inter-zone air flow, intra-zone air
flow, etc.). This enables an optimized treatment of
each of the disparate equation sets. In this manner, one
solver processes the thermal domain, another treats
network air flow (to resolve inter-zone flow), while
yet another handles CFD (for predicting intra-zone air
flow). Interdependencies are handled by passing infor-
mation between the solution domains on a time-step
basis, this allowing the global solution to evolve in a
coupled manner. This is shown schematically in Figure
1 and described in detail by Clarke (2001).

Building thermal domain
ESP-r simulates the thermal state of the building by
applying a finite-difference formulation based on a
control-volume heat-balance to represent all relevant

Figure 1: ESP-r’s partitioned solution approach

Figure 2: ESP-r’s building thermal domain finite difference
discretization and inter-nodal heat flows

energy flows. This encompasses three principle steps:

1. The building is discretized by representing air
volumes (such as rooms), opaque and transpar-
ent fabric components (walls, windows, roofs,
floors), and solid-fluid interfaces (such as the in-
ternal and external surfaces of walls and win-
dows) with finite-difference nodes. Numerous
nodes are placed through each fabric component
to represent these multi-layered constructions.
This is illustrated in Figure 2, although only a
few nodes are shown for the sake of clarity.

2. A heat balance considering the relevant energy
flow paths (some are shown in Figure 2) is writ-
ten for each node. These balances are cast in al-
gebraic and discrete form, and thus approximate
the partial differential equations which govern
the heat transfer. As each heat balance expresses
the thermal interaction between a node and its
neighbours, the resulting equation set links all
inter-node heat flows over time and space.

3. A simultaneous solution is performed on the equa-
tion set to predict–for a given point in time–the
thermal state of each node and the heat flows be-
tween nodes. Steps 2 and 3 are repeated to reform
and resolve the equation set for each subsequent
time-step of the simulation.

Explicit HVAC domain
ESP-r’s explicit HVAC modelling domain is based
upon a component-level approach whereby users as-
semble components into a coherent HVAC system.
Data must be provided to define each component (e.g. a
boiler) and the arrangement of the components (e.g. the
outlet of a boiler connects to the inlet of a pipe). Users
must also specify how components are controlled, indi-
cating what variables are sensed (e.g. air temperature
in a room), and how components are actuated (e.g.
water flow through a coil) in response to the sensor
signals.
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Each component in the HVAC network is represented
by one or more control volumes and each control vol-
ume is characterized by mathematical models that de-
scribe the control volume’s energy and mass exchanges
with connected components and the environment. The
energy balances are expressed in the following form,

Mcp
∂T
∂ t

=
i=n

∑
i=1

qi (1)

Where M is the mass of the control volume, cp its heat
capacity, T its temperature, t is time, and qi is an energy
flow into the control volume.

The left side of this equation represents the rate of
change of energy storage in the control volume. The
right side represents all the energy flows which affect
the control volume’s thermal state. Depending upon
the component under consideration, these energy flows
might be a convective flux from the skin of the com-
ponent to the containing room, an energy release due
to combustion, or advection resulting from water or
air flow through the control volume. These energy
flows can be expressed with simple or complex models
and can be based upon first-principle or empirical ap-
proaches, as the situation dictates. Similar equations
are written to represent the water and air mass balances
on each control volume.

Writing energy and mass balances for each control vol-
ume leads to the formation of three matrices of equa-
tions that describe the HVAC plant network’s thermal
and mass flow state. A direct solution approach is
used to solve these three matrices. As the equation
set is highly non-linear, iteration is employed within
the time-step to reform the energy and mass balances
represented by equation 1 and to resolve the matrices
until convergence is achieved.

Electrical domain
ESP-r’s electrical domain is modelled as a network
comprising a series of nodes, where state variables
(voltages) and derived variables (current and power)
are calculated. The nodes are connected by compo-
nent models representing cables, transformers, invert-
ers, etc. Nodes can also have sources or sinks of power
that are resolved in the electrical or other modelling
domains, such as co-cogeneration devices (HVAC do-
main), lighting and appliance loads (building thermal
domain), or batteries (electrical domain).

An electrical energy balance is formed and solved at
each node each time-step using a Newton-Raphson
based solver to determine the electrical energy flows
between nodes.

Sequential solution approach
The simulation of the building thermal, HVAC, electri-
cal, and other domains evolves by handshaking solu-
tion variables between the domains each time-step (see
Figure 1). For example, the building thermal domain’s
room air temperature solution is passed to the HVAC

Figure 3: TRNSYS type and network topology

Figure 4: TRNSYS solution methodology

domain. These data are used to calculate containment
losses in the energy balances for certain HVAC com-
ponents (e.g. a boiler) and for controlling components
in the HVAC plant network. The energy injected to
rooms by the HVAC system is then communicated to
the building thermal domain where it is used in the
formation and solution of the energy balances for the
rooms. In general, the handshaking between domains
is limited to once per time-step (an exception being that
the HVAC and electrical domains can iterate within the
time-step until they collectively converge).

TRNSYS METHODOLOGIES
A TRNSYS simulation is built by connecting individ-
ual component models (know as types) together into
a complete system model. These types require param-
eters and inputs, and produce outputs. Parameters are
constant for the entire simulation while inputs can be
constant, based on equations entered directly into the
simulation, or connected to the outputs from another
type. This process is illustrated in Figure ??.

The TRNSYS kernel routines make no assumptions
about these inputs and outputs or about the algorithms
contained in the types connected in the simulation; to
the kernel they are black-box models. The kernel maps
the types’ inputs to other types’ outputs and equations
and then, at each iteration, calls the types whose in-
puts have changed until convergence is achieved. The
decision on whether input values have changed can be
made based on a relative or absolute tolerance, but it
is the same for all inputs regardless of what that input
represents. In other words, a temperature value and a
humidity ratio value would have the same absolute or
relative tolerance even though that could represent sig-
nificantly more agreement in one case than the other.
The solver principle is shown in Figure 4.

The TRNSYS solver calls the different components
successively with inputs that should, in principle, be
in their acceptable range since they come from other
components in the same physical system. While quite
robust, this type of solution algorithm has two weak-
nesses: controls and algebraic loops. An algebraic
loop describes a situation where the equations are re-
duced to a system where the output of a type is the
input to that type plus or minus a value. The values in
this type of loop will typically continue to change at

Proceedings of Building Simulation 2011: 
12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November. 

- 2335 -



each iteration in a time-step and not converge to a so-
lution. To prevent this type of oscillations, each loop
must include mass (e.g. thermal mass, or electricity
storage capacity) or time delays. This will allow for
outputs from a type to stabilize over a time-step.

Controls can cause convergence problems when the
control decision alternates between an on and off state
during a time-step. For example, a thermostat receives
the zone temperature and determines that a heating
source needs to be turned on for the zone for that time-
step. At the next iteration, the zone temperature has
changed enough that the thermostat determines that
no heat source is needed, and this oscillation persists.
To prevent these situations, controller types need to
be written to include hysteresis and, in most cases, a
mechanism where after a certain number of changes
during a single time-step the control will decide to stick
at a state that is either different from or the same as the
state at the previous time-step.

There are different categories of types in TRNSYS.
Types that read data and those that produce output
do not need to be called each iteration; rather, they
are called only once during a time-step, either at the
initial iteration, or after all of the normal types have
converged. Within a time-step, different designated
categories of types are called in a specific sequence.
First, normal types are called until their inputs have
converged within the set tolerance. Then, after con-
vergence types are called once, followed by integrators,
printers, and finally types designated to be called after
printers. Once all of these categories of types have
been called, TRNSYS proceeds to the next time-step.
In general, these categories of types can be separated
into two groups: the normal types that are called dur-
ing the iteration loop until convergence is achieved,
and the other types that are called once convergence
has been determined. A new category of type will be
implemented to support the co-simulation with ESP-r,
as will be elaborated in the following section.

CO-SIMULATION DESIGN
Software design
The following criteria were established for the design
of the ESP-r and TRNSYS co-simulation:

• The entire simulation is to be run on a single
computer.

• Execution is to be limited to the Windows oper-
ating system (OS).

• Minimizing simulation run-time is a top priority.

The priority on simulation run-time dictates that the
two simulation programs should run in parallel at a
given time-step rather than sequentially. Two options
are available to accomplish this: processes and threads.
Processes are independent execution units that contain
their own state information (the snapshot of a program
at a particular point in time) and use their own ad-
dress spaces. For processes to collaborate with each

other they must either employ local inter-process com-
munication (IPC) mechanisms or be allowed to share
memory. IPC’s are generally managed by the OS, and
consequently incur interactions through the kernel with
its associated computational overhead. Allowing pro-
cesses to share memory offers some computational ad-
vantages over IPC; however, the OS must be involved
in synchronizing to ensure that both processes do not
access shared data at the same time.

In contrast, a thread is a single sequence of instructions
to which the OS allocates processor time, and which is
executed from within a process. When a single process
contains multiple threads, each thread shares the same
state and memory space. As a result, threads can com-
municate directly with each other because they share
the same variables. Unlike multi-processes that share
memory, however, single-processes do not need th OS
for synchronization, thus reducing computational over-
head. A single multi-threading process offers efficien-
cies relative to a multi-process approach for running
concurrent calculations (refer to Schmidt and Huston
(2002)) and has thus been selected for the ESP-r /
TRNSYS co-simulation to minimize run-time.

Although a multi-thread approach offers speed advan-
tages, they come at a cost. Threads within a single
process receive little OS protection from one another.
As a result, it is theoretically easier for the threads to
corrupt global data. Some security will be introduced
to the co-simulator to address this: both ESP-r and
TRNSYS will be compiled as shared libraries (called
dynamic-link libraries or DLLs in the Windows OS).
This will encapsulate each simulation program’s inter-
nal data, thus ensuring these data can only be accessed
through the interfaces provided by their callable rou-
tines. In essence, this allows both ESP-r and TRNSYS
to be treated as objects from the perspective of a con-
trolling process, following an approach demonstrated
by Neil et al. (1997) for converting legacy procedural
programs to the object oriented paradigm.

As with the BCVTB (refer to introduction), a mid-
dleware will be created to establish and maintain the
coupling between the ESP-r and TRNSYS shared li-
braries. This middleware will be referred to as the
harmonizer, the definition of which is ‘a mediator who
brings one thing into harmonious agreement with an-
other’. The proposed design relies on compiling the
harmonizer, ESP-r, and TRNSYS as DLLs, enabling
each of the libraries to have access to the subroutines
in the other libraries. Although the DLL structure will
limit the coupling to the Windows OS, this could be
extended in the future to the shared library concepts
that are utilized by other OSs.

The harmonizer will be based on the mediator de-
sign pattern. (Similar solutions to programming com-
plex problems appear in a variety of contexts and are
known as design patterns.) The mediator design pattern
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(Gamma et al., 1995) is used to address communica-
tion between colleague objects, such as the ESP-r and
TRNSYS simulator threads in this application. Rather
than objects communicating directly with each other,
they communicate through the mediator. This reduces
the dependencies between communicating objects and
thus minimizes the direct programmatic coupling be-
tween the two simulators. The primary advantage of
the harmonizer is in localizing behaviour that would
otherwise be distributed throughout ESP-r and TRN-
SYS subroutines. Thus, the functionality that pertains
to the collaborative operation between the simulators
and the assessment and control of the convergence of
the co-simulation resides in the harmonizer rather than
embedded within the ESP-r and TRNSYS code bases.
It is anticipated that this approach will limit future
changes to ESP-r and TRNSYS to accommodate en-
hancements to the coupling.

Co-simulation approach
The harmonizer will provide the following functional-
ity:

• Loading ESP-r and TRNSYS DLLs, performing
any required initialization, and creating threads to
initiate the simulation time loop in each program.

• Synchronizing data exchange between ESP-r and
TRNSYS.

• Controlling convergence between the ESP-r and
TRNSYS solvers.

• Controlling marching forward through time.

For the reasons described above, each of the simulation
time loops within ESP-r and TRNSYS will be executed
as threads to enable the OS to run the programs simul-
taneously. The harmonizer will manage the exchange
of data between ESP-r and TRNSYS, data such as
water flow rates and temperatures between plant com-
ponents and zone air-point temperatures. These data
are referred to as boundary conditions. Both threads
will have access to the same boundary condition vari-
ables. Consequently, the order in which each program
accesses those data will be critical to correct calcula-
tions. Without synchronization it would not be possible
to ensure that ESP-r was using the boundary conditions
calculated for the current time-step, as opposed to val-
ues from a previous point in time. To prevent such
data corruption, logical flags will be used to ensure
synchronization.

This is illustrated in Figure 5. Each simulation pro-
gram will use its existing methods to determine con-
vergence. For ESP-r, the building thermal domain will
be discretized and solved using the methods elabo-
rated earlier. Data on plant containment losses em-
anating from the TRNSYS simulation can appear as
heat sources in particular zones in ESP-r’s thermal do-
main, but the methodologies employed by ESP-r to
model the thermal domain will be unaffected. Follow-
ing ESP-r’s sequential solution approach, it will then
establish and solve a matrix of equations characterizing

the plant domain using the iterative solution procedure
described earlier. The co-simulator has been designed
to allow TRNSYS to resolve all or a portion of the
HVAC system. Consequently, it is this ESP-r domain
that will interact with the harmonizer. Boundary condi-
tion data such as water flow rates and temperatures will
be passed from TRNSYS via the harmonizer to ESP-r,
where they will be used to formulate heat and energy
balances in ESP-r’s plant modelling domain using the
techniques explained earlier. Likewise, data will be
passed from ESP-r, via the harmonizer, to TRNSYS.

TRNSYS will employ its iterative solution method
previously outlined to converge a solution within the
current time-step. Once ESP-r has satisfied conver-
gence within its plant domain and TRNSYS has sat-
isfied its overall convergence, the harmonizer’s con-
vergence checker will be invoked. It will determine
whether the two simulation programs have collectively
converged by examining the state of the boundary con-
ditions that are passed back and forth. Based upon
this appraisal, the harmonizer will set a convergence
flag that will be communicated to both programs. If
the harmonizer concludes that the overall system has
converged, then this flag will instruct each program to
march forward in time to execute the simulation at the
next time-step. And if the harmonizer determines that
the state of the boundary conditions passed between
the two simulation programs has not converged, then it
will communicate this decision to the two simulation
programs via the convergence flag. At this point, ESP-
r and TRNSYS will exchange boundary conditions via
the harmonizer and then repeat their simulations at the
same time-step.

ESP-r and TRNSYS additions
New plant components will be added to the ESP-r code
base to support the interaction between ESP-r’s plant
domain and the harmonizer. These will be called plant
coupling components. The ESP-r user will specify
which real components in the plant network supply
or receive a fluid stream (liquid or air) to or from
the coupling component. Four coupling components
will be added to ESP-r: sending and receiving hydronic
coupling components (HCC); and sending and receiv-
ing air-based coupling components (ACC). A sending
component indicates that ESP-r will send data to the
harmonizer whereas a receiving component indicates
that ESP-r will receive data from the harmonizer. The
HCC and ACC sending components will ensure that
ESP-r correctly sends data describing a fluid stream
(mass flow rates and temperatures) to the harmonizer.
The HCC and ACC receiving components will ensure
that ESP-r correctly receives the data describing a fluid
stream from the harmonizer (representing one or an
entire network of TRNSYS types) and then converts
this information into a fictitious component in ESP-r’s
plant domain using the techniques elaborated in the
discussion on ESP-r’s explicit HVAC domain, above.
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Figure 5: Flowchart illustrating co-simulation design

Communication between TRNSYS and the harmonizer
will be managed through a new TRNSYS type, Type
130. A single Type 130 will receive data from all
of ESP-r’s sending HCCs and ACCs and pass data to
each of ESP-r’s receiving HCCs and ACCs. The TRN-
SYS user maps the outputs from types that represent
real components in the plant network to be passed to
ESP-r to Type 130 inputs and Type 130 outputs to the
inputs of the other types using the normal TRNSYS
procedure for connecting components. In this way,
data from the ESP-r plant network will be mapped to
components represented by TRNSYS types. Type 130
will manage the interaction between the harmonizer’s
convergence checker and the TRNSYS kernel by han-
dling the co-simulation convergence flag. In addition
to standard TRNSYS outputs, Type 130 will also return
a special flag to the TRNSYS solver that will prevent
convergence as long as the co-simulation requires fur-
ther iteration between the two programs. This new flag
will force the TRNSYS solver to keep iterating at the
current time-step even if all TRNSYS inputs have con-
verged. This behavior is not possible with the existing
categories of TRNSYS types (see the discussion on
TRNSYS methodologies) so a new category of types
will be implemented in the TRNSYS kernel.

A new electrical coupling component (ECC) will also
be added to ESP-r, this to support the interaction be-
tween ESP-r’s electrical domain and the harmonizer.
The ECC will receive outputs from Type 130 (via the
harmonizer) that will enable electrical power genera-
tion or draws of TRNSYS types to be reflected as sinks
or sources of power within ESP-r’s electrical power
domain.

A new subroutine will be created in ESP-r’s building
thermal domain to allow TRNSYS types to be con-
tained within ESP-r building zones and for thermal
losses (e.g. from the skin of a thermal storage tank) to
be injected into an ESP-r building zone. This new sub-
routine will pass all zone air-point temperatures from
ESP-r to the harmonizer and thus make them available
to Type 130. The TRNSYS user will specify the con-
tainment of each type by mapping these zone air-point
temperatures to the type’s input. The TRNSYS user
will also specify the parasitic heat losses from types
by mapping these outputs to Type 130, which will then
be communicated via the harmonizer to the new ESP-
r subroutine. There, these heat transfer rates will be
injected as casual gains into the appropriate zones in
ESP-r’s building thermal domain.

Programmatic tests
A number of computational tests have been performed
to verify the feasibility of the design approach. The
first was to ensure that DLLs from different compil-
ers could be invoked by an executable compiled with
the GNU Compiler Collection (GCC). This was an im-
portant consideration as modifying either the ESP-r or
TRNSYS code base to enable its compilation with a
different compiler set would have been onerous. The
test involved creating a GCC-compiled executable that
could invoke simulations with both ESP-r and TRN-
SYS DLLs. The DLL of ESP-r’s building and plant
simulator was compiled with GCC and the TRNSYS
DLL was compiled with Intel Visual Fortran (IVF).
The test executable implemented the ESP-r and TRN-
SYS simulations which both ran successfully and to
completion.
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Figure 6: Flowchart illustrating prototype to test co-simulation design

A second test was performed which required the cre-
ation of another GCC-compiled executable. This exe-
cutable loaded in a DLL (called DLL-A) and invoked
a subroutine in DLL-A. DLL-A’s subroutine loaded a
second DLL (called DLL-B) and then DLL-A’s subrou-
tine executed a subroutine in DLL-B. The subroutine
in DLL-B subsequently executed a different subroutine
in DLL-A. Each of the three subroutine calls involved
data exchange between the DLLs, giving confidence
that DLLs could be used both in the exchange of data
and to enable the object oriented paradigm outlined
earlier.

The third and final test was to demonstrate the function-
ality of the harmonizer in employing threads and DLLs
to execute and control the flow of the two simulation
programs. This involved the development of a pro-
totype in which one executable and three DLLs were
created: one DLL represented the harmonizer while
the other two mimicked some basic functionality of
the ESP-r and TRNSYS simulators. These latter two
DLLs were essentially time loops and included some
basic data processing. The program flow of the proto-
type is illustrated in Figure 6. The executable (shown
in yellow) loads the harmonizer DLL and then calls the
harmonizer’s mainline (shown in pink). The harmo-
nizer’s mainline then initialized DLL-A and DLL-B
that mimic the simulators (shown in blue and green,
respectively).

Following this, the harmonizer’s mainline creates two
threads and uses them to initiate the time loops mimick-
ing the ESP-r and TRNSYS simulation time-stepping.

The harmonizer controls the program flow in the sim-
ulators via two Boolean flags (converged and synchro-

nized) whose roles are to signal overall system conver-
gence and ensure the synchronization of shared data,
respectively. The convergence flag defaults to true,
unless the harmonizer sets it to false on account of a
failure in overall convergence. Under these circum-
stances the time loop is prevented from incrementing
time and forced to execute the current time-step again.
On resimulating the same time-step, the convergence
flag is reset to true.

The synchronization flag is used to manage the data
exchange between the simulation programs. For the
first pass through the simulation time loop in DLL-A,
synchronized is set to true, allowing DLL-A to process
its data and pass it to DLL-B (via the harmonizer). As
soon as the data is passed, the synchronized flag is set
to false, forcing subsequent data processing to wait for
the arrival of data from DLL-B. When the harmonizer
passes data into one of the simulators it also sets the
synchronized flag to true, this ensures that although
the simulators share data, they do not have access to it
simultaneously.

After data is passed, the harmonizer is called on to
check convergence. Convergence checking involves
the execution of convergence tests (these were trivial
in the prototype) and sets the convergence flag accord-
ingly (refer to the bottom of Figure 6). If the harmo-
nizer sets this flag to false, then both simulators will
re-execute the current time-step but will now employ
the new data that was exchanged as described above.

The successful execution of the prototype demonstrated
the feasibility of employing threads and DLLs to exe-
cute the two simulation programs and for the harmo-
nizer to synchronize ESP-r and TRNSYS and to control
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their marching through time.

CONCLUDING REMARKS
This paper has described the design that has been con-
ceived to enable a co-simulation between the ESP-r and
TRNSYS simulation programs. This will exploit the
strengths of both simulation tools to enable the mod-
elling of innovative building and energy system con-
figurations more accurately than either simulation pro-
gram could achieve on its own. In this co-simulation,
ESP-r will treat the building domain, and potentially
a portion of the mechanical and electrical energy sys-
tems; and TRNSYS will resolve all or a portion of the
mechanical and electrical energy systems. Importantly,
the design enables the collaboration between ESP-r and
TRNSYS in modelling HVAC systems through the ex-
change of data within the time-step, an approach that is
referred to as strong or onion coupling in the literature.

A multi-threading approach will be employed in the
interests of computational speed and the co-simulation
will be controlled by what is being called the harmo-
nizer. The harmonizer will be based upon the mediator
design pattern and will be responsible for communi-
cating data between ESP-r and TRNSYS, for assess-
ing overall system convergence, and for controlling
marching through time. A number of programmatic
tests were executed to verify the design’s feasibility.

The design of the ESP-r / TRNSYS co-simulator pre-
sented in this paper concludes the first phase of a three
phase project. Most aspects of the design described
here will be implemented in the project’s second phase,
which is scheduled for completion by June 2012. By
then, the co-simulation between ESP-r’s building and
HVAC domains and TRNSYS will have been effected,
and the code modifications will have been made avail-
able in both the release versions of ESP-r and TRN-
SYS. In addition, the harmonizer will have been freely
distributed through an OpenSource license, making the
co-simulation environment available to the BPS com-
munity. Extensive testing and demonstration of the
co-simulator will be conducted before this release date.

Completion of the coupling design described here will
be accomplished in the project’s third phase, which will
see an extension to ESP-r’s electrical domain. This
phase of the project will also extend the reporting of
TRNSYS simulation results within ESP-r and will pro-
vide some limited support for use of the co-simulation
environment for users without TRNSYS licenses.
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