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Modeling of the Enthalpy Transfer Using Electric
Circuit Equivalents: Theory and Application to

Transients of Multi-Carrier Energy Systems
Tian Lan and Kai Strunz

Abstract—Analogies between electric, hydraulic, and thermal
quantities do exist for developing various circuit models that in-
volve quantities such as currents and voltages, flows and pressures,
and heat transfers and temperatures. With the increasing interest
in multi-carrier energy systems, it would be beneficial to extend
the scope of analogies to the enthalpy transfer by advection. The
presentation of the concept and the realization of this analogy ex-
tension are the purpose of this paper. It is shown how the enthalpy
transfer is formulated using circuit equivalents and how they can
be used in the modeling of components such as junctions and pipes
of multi-carrier energy systems. The theoretical considerations are
complemented by validation through comparison with software
models and physical experiment. The value of implementing the
enthalpy transfer using circuit equivalents is illustrated by the
modeling of a combined heat and power multi-carrier energy sys-
tem implemented in a nodal-analysis-based network simulator of
the EMTP type.

Index Terms—Enthalpy transfer, advection, circuit equivalent,
multi-carrier energy system, multi-physics component, junction,
pipe, combined heat and power.

NOMENCLATURE

Variables and Operators

A Area, m2 .
Cth Thermal capacitance, J · K−1 .
cp Specific heat capacity, J · kg−1 · K−1 .
D Insulation diameter, m.
di Inner pipe diameter, m.
do Outer pipe diameter, m.
Ḣ Enthalpy transfer rate, J · s−1 .
h Specific enthalpy, J · kg−1 .
h Molar enthalpy, J · mol−1 .
h0

f Enthalpy of formation, J · kg−1 .
i Counter for pipe segment.
K Pressure loss coefficient, m−1 · kg−1 or m−1 · kg ·

mol−2 .
kcond Thermal conductivity, W · m−1 · K−1 .
kconv Convective heat transfer coefficient, W · m−2 · K−1 .
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kconv-rad Convective-radiative heat transfer coefficient, W ·
m−2 · K−1

M Number of heat exchanger segments.
m Mass, kg.
ṁ Mass flow rate, kg · s−1 .
N Number of pipe segments.
ṅ Molar flow rate, mol · s−1 .
p Pressure, Pa.
Δp Pressure drop of the flow in the pipe, Pa.
Q̇ Heat transfer rate, J · s−1 .
Rth Thermal resistance, K · W−1 .
Rfl Flow resistance, Pa · s · kg−1 or Pa · s · mol−1 .
r Radius, m.
T Thermodynamic temperature, K.
t Time, s.
Δx Length of pipe segment, m.
z Depth of water in tank, m.
∂ Partial difference operator.
ρ Density, kg · m−3 .
λ Darcy friction factor, dimensionless.
δ Heat exchanger wall plate thickness, m.

Subscripts

a Ambient.
c Combined conductive, convective, and radiative.
cond Conductive.
conv Convective.
dw Domestic water.
exh Exhaust stream.
f Formation.
fl Flow.
hex Heat exchanger.
i In.
ini Initial.
ins Insulation.
o Out.
p Pipe
rad Radiation.
ref Reference.
src Source.
stor Storage.
th Thermal.
w Wall.
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TABLE I
ANALOGIES BETWEEN ELECTRICAL AND THERMAL QUANTITIES

I. INTRODUCTION

ANALOGIES between electric and thermal circuits have
been effective and illustrative [1]–[5]. By exploiting the

analogies, it is possible to apply the knowledge of one field to
another. Table I presents some already evident analogies be-
tween electric and thermal quantities. It is shown that both ther-
modynamic temperature and electrostatic potential represent a
potential. Heat transfer by conduction is in analogy to the cur-
rent. The current is caused by a voltage difference, the process of
which is similar to that of heat transfer by conduction as driven
by a temperature difference. The analogy of Table I may also
be applied to other forms of heat transfer caused by temperature
difference.

According to the U.S. Department of Energy (DOE), Com-
bined Heat and Power (CHP) systems are under rapid develop-
ment and have promising potential [6]. In order to effectively
utilize CHP in practical power systems, it is important to study
the transfer of multiple energy carriers within the networks con-
nected to the CHP [7]–[12]. In CHP systems, an important
means of transferring energy is by advection. The latter is an
energy transfer mechanism due to a bulk motion of fluid. Thus,
advection is different from the heat transfer, which by definition
is caused by a temperature difference. The energy transfer by
advection has not yet been included in the scope of analogies
between electric and thermal quantities of Table I. Therefore,
to support the understanding of this means of energy transfer,
an extension of the analogies to also cover the enthalpy transfer
by advection appears to be valuable. Moreover, with such an
extension, it would be possible to analyze that enthalpy transfer
using circuit equivalents. This will facilitate their modeling in
circuit-oriented simulators, such as the EMTP (Electromagnetic
Transients Program) or variations [13]–[16].

Compared with the electric power flow that can be obtained
from current and voltage, the enthalpy transfer by advection is
determined by the mass flow rate and the temperature of the
fluid. It gives the energy transported by the moving fluid in the
pipe. Although the analogies between current and heat transfer
as well as electrostatic potential and temperature do exist, this
enthalpy transfer by advection is not driven by a temperature
difference, instead it is driven by a difference in pressure. A
formulation of an analogy to Ohm’s law is therefore not possible.
This important variation brings challenges to the modeling of
the enthalpy transfer using circuit equivalents.

In Section II, the modeling of the enthalpy transfer using
circuit equivalents is proposed. Next, based on the formulation,

Fig. 1. Electrical analogue of enthalpy transfer by advection.

the equivalent circuits for modeling multi-physics components
including junction and pipe as fundamental elements in heat
networks are described in Sections III and IV, respectively. The
validation of the developed model for steady state and transient
operation is presented in Section V. A test case demonstrating
a district heating application realized using electric circuits is
given in Section VI. Conclusions are drawn in Section VII.

II. CONCEPT

The analogies presented in Table I have been used in vari-
ous applications involving multiple energy carriers [17]–[21].
In [17], the thermodynamic characteristics inside a Proton Ex-
change Membrane Fuel Cell (PEMFC) were described using
electric circuits based on electrical analogues of thermal quan-
tities. In [18]–[21], the thermal-electric analogy was applied
to transformer thermal modeling in a way that temperature
responses of the transformers can be calculated using circuit
equivalents. Despite being useful for certain types of studies,
the currently available analogies between multi-physics quanti-
ties do not have the enthalpy transfer in general involved.

Of key interest in this paper is the enthalpy transfer by advec-
tion, which is found in district heating networks and is defined
as follows:

Ḣ = ṁ · h(T ) (1)

where ṁ is the mass flow rate of a fluid, Ḣ is the enthalpy
transfer rate affiliated with ṁ, and h is the specific enthalpy
of the fluid at temperature T . The specific enthalpy h can be
obtained by adding the specific enthalpy change Δh between
the standard state T0 and the current state T to the enthalpy of
formation h0

f as given in the following [5]:

h(T ) = h0
f + Δh(T )

= h0
f + cp(T − T0) (2)

where cp is the specific heat capacity of the fluid.
As defined in (1), the considered enthalpy transfer rate Ḣ is

determined by the mass flow rate ṁ and temperature T of a fluid.
The flow of a fluid can be driven by pressure difference. A fluid
may also flow from a lower temperature level to a higher temper-
ature level, indicating that the enthalpy can migrate along with
the flowing fluid from one control volume to another regardless
of the temperature difference. Based on the above observations,
the enthalpy transfer by advection can be modeled by a con-
trolled current source, whose controlling signal is the flow rate
of the fluid. The proposed circuit implementation is shown in
Fig. 1. According to the analogy given in Table I, the mass
flow rate of a fluid ṁ can be implemented as a current flowing
through a circuit as depicted on the upper line of Fig. 1. The
enthalpy transfer rate Ḣ affiliated with the flowing fluid ṁ is
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Fig. 2. Junction schematic showing mass flows.

Fig. 3. Implementation of model for junction as equivalent circuit.

implemented as a current-controlled current source. The flow
rate ṁ is measured in the upper circuit and used for calculating
the controlling signal of the current-controlled current source as
depicted in the lower-side circuit of Fig. 1.

To facilitate the modeling of the components in the following
sections, selected assumptions have been introduced regarding
geometry, fluid characteristics, and heat transfer. The list of
assumptions is given in Appendix A.

III. MODELING OF JUNCTION

The junctions are comparable to nodes within the electrical
network. According to assumption 1 of Appendix A, the sum
of all flows entering a node equals the sum of all flows leaving
this node [22]. It reflects the law of conservation of mass at each
node. In circuit analysis, it is known as the Kirchhoff’s current
law. Moreover, there is no energy loss to the environment, hence
enthalpy is conserved, and there is no overall entropy change.

A. Mathematical Description

In Fig. 2, two junctions as used in the heat network are de-
picted. Regarding the node A on the left side of Fig. 2, the
following expression can be established reflecting the conserva-
tion of mass [22]:

ṁ1 − ṁ2 − ṁ3 = 0. (3)

In (3), ṁi is given a positive sign if the convention in Fig. 3
shows it flowing to the node; otherwise it comes with a negative
sign.

As the junctions are assumed as nodes that cannot store en-
ergy, the enthalpy transfer balance equation of node A in Fig. 2
is given by:

Ḣ1 − Ḣ2 − Ḣ3 = 0, (4)

where

Ḣ1 = ṁ1h(T1), (5)

Ḣ2 = ṁ2h(T2), (6)

Ḣ3 = ṁ3h(T3). (7)

Similarly, for the node B on the right side of Fig. 2, the mass
flow and enthalpy transfer balances can be, respectively, given
by:

ṁ4 − ṁ5 − ṁ6 = 0. (8)

Ḣ4 − Ḣ5 − Ḣ6 = 0. (9)

With an implementation of the pipe as to be introduced in the
following Section IV, the temperatures of the fluids flowing out
of the nodes, such as T2 , T3 , and T4 , can be measured.

B. Formulation for Circuit Equivalents

Fig. 3 shows the circuit implementation of the two junctions
of Fig. 2. On the left side of Fig. 3, the representation of node A
is depicted. It is implemented based on the mass flow balance
and enthalpy transfer balance given in (3) and (4), respectively.
In the electric circuit analogy, (3) can be implemented as a node.
Three currents indicating three flows meet at a common node to
realize the mass flow balance. The affiliated enthalpy transfers
discussed in Section II are modeled as current-controlled current
sources as shown in the figure. The controlling signal ṁ is taken
by obtaining the current signal from the mass flow circuit. As
Ḣ1 and Ḣ2 are modeled as current sources, Ḣ3 is then readily
given due to (4).

Regarding node B in Fig. 2, the implementation is similar as
for node A. Balances given in (8) and (9) can be implemented as
shown on the right side of Fig. 3. Enthalpy transfers Ḣ5 and Ḣ6 ,
modeled as current-controlled current sources, meet at a node
and in sum give the output enthalpy transfer Ḣ4 .

IV. MODELING OF PIPE

Pipes in a heating network are used for advecting enthalpy. As
opposed to nodes, pipes are of spatial dimension. Pipes possess
a volume and can therefore store energy within their contained
fluid, allowing for transient behavior of the temperature within
district heating networks. According to assumptions 2 and 3 of
Appendix A, conservation of mass inside the control volume
is assumed, and changes of potential or kinetic energies are
disregarded. Also applicable are the assumptions 4, 5, and 6 of
Appendix A.

A. Mathematical Description

The temperature of the fluid in a pipe is a function of time
and location of the moving fluid. The considered pipe is of
cylindrical shape. Fig. 4 shows the considered differential con-
trol volume inside the pipe and associated energy interactions
in accordance with assumptions 3 and 4. The control volume
represents a pipe segment of length dx. The bulk motion of the
fluid is along the indicated x-axis. The energy conservation is
as follows:

∂H

∂t∂x
dx = −∂Ḣ

∂x
dx − ∂Q̇c

∂x
dx. (10)

The left-hand side of the equation gives the differential change
of enthalpy inside the control volume. The first term on the
right-hand side gives the negative of the differential enthalpy
advected in axial x-direction out of the control volume. Further
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Fig. 4. Differential control volume of infinitesimal length dx in pipe.

subtracted is the heat transfer rate normal to the x-direction,
also by convention positive when leaving the control volume.
This heat transfer is a combined process of convection at the
inner surface of the pipe, conduction through the pipe wall and
potential insulation layer, while at the outer surface convection
and radiation are to be considered in general.

Omitting dx in (10) yields a formulation in per unit
length:

∂H

∂t∂x
= −∂Ḣ

∂x
− ∂Q̇c

∂x
. (11)

This expression can be extended to give an advection equation
for temperature T inside the pipe:

ρAcp
∂T

∂t
= −ṁcp

∂T

∂x
− G′

th,p(T − Ta), (12)

with

G′
th,p =

∂Gth,p

∂x
, (13)

where T giving the temperature of the fluid in the control vol-
ume is a function of space and time T (x, t); Ta is the ambient
temperature of the pipe; ṁ as the mass flow rate of the incom-
pressible fluid acts as a time-variant quantity ṁ(t), which is
by convention positive when it flows toward increasing values
of x. Furthermore, ρ is the density of the fluid, cp is the specific
heat capacity of the fluid, and A is the inner cross section area
of the pipe segment. Density ρ and specific heat capacity cp
are considered to be constant according to assumption 5 of Ap-
pendix A [5], [22]. In accordance with assumption 6, the flow
is considered in the fully developed region along the pipe. The
last term on the right side of (12) is defined as positive when
the temperature T inside exceeds the ambient temperature Ta ,
T > Ta . Quantity G′

th,p is the combined convective, conductive,
and radiative thermal conductance of the pipe wall and potential
insulation per unit length.

Equation (12) is a time-dependent partial differential equa-
tion (PDE). In order to solve (12), numerical computation is
applied. Assuming a spatial discretization into the segments
{1, 2, . . . , N} as shown in Fig. 5, a pipe can be split into N seg-
ments along the flow path, and Δx is the length of each segment.
Thereafter, an upwind difference approximation is applied to the
spatial derivative of T [23]:(

∂T

∂x

)
i

=
Ti − Ti−1

Δx
; Ti(t) = T (xi, t), i = 1, 2, . . . , N.

(14)

Fig. 5. Segmentation of pipe into control volumes of length Δx.

Combining (14) with (12) and multiplication by Δx leads to a
system of ordinary differential equations in the variable t given
by:

ρAcpΔx
dTi

dt
= − ṁcp(Ti − Ti−1)

− Gth,p,i(Ti − Ta,i); i = 1, 2, . . . , N (15)

The transition from (10) to (15) also marks the transition
from a differential control volume of length dx to a control
volume of finite length Δx. In Fig. 5, the segmentation into
control volumes is illustrated. For pipe segment i, (15) can be
rewritten as:

Cth,p,i
dTi

dt
= Ḣi−1 − Ḣi − Q̇c,i , (16)

with

Ḣi = ṁh(Ti), (17)

Ḣi−1 = ṁh(Ti−1), (18)

Q̇c,i = Gth,p,i(Ti − Ta,i), (19)

where Ḣi−1 and Ḣi , as shown in Fig. 5, are the enthalpy transfers
associated with the bulk fluid flows at the inlet and outlet of the
pipe segment i, respectively, Q̇c,i is the heat transfer from the
fluid to the ambient, and specific enthalpy h can be obtained
according to (2). Capacitance Cth,p,i is the thermal capacitance
of the mass of the fluid in the pipe segment, and Gth,p,i is the
overall thermal conductance encountered by Q̇c,i of the pipe
segment. The capacitance is found by comparison of (15) and
(16):

Cth,p,i = ρAcpΔx. (20)

As the heat transfer from the fluid close to the inner surface
of the pipe toward the ambient covers several sequential pro-
cesses, all driven by temperature drops that add up to the total
temperature drop, it is convenient to express the conductance by
a resistance:

Rth,p,i =
1

Gth,p,i
. (21)

Fig. 6 shows the cross section of a pipe segment. Heat is
transferred by the following processes: convection inside the
fluid close to the surface toward the surface of the pipe wall;
conduction across the pipe wall and, if available, the insulation
layer; as well as convection in the fluid close to the outer surface
normal to the surface plus potentially significant radiation if the
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Fig. 6. Cross section of pipe segment i.

surface is exposed to a gas. The overall thermal resistance of
this combined process of convection, conduction, and radiation
becomes:

Rth,p,i = Rth,conv ,i,i + Rth,cond,w ,i

+ Rth,cond,ins,i + Rth,conv-rad,o,i , (22)

where Rth,conv ,i,i is the inner side convection thermal resis-
tance of the segment, Rth,cond,w ,i and Rth,cond,ins,i are the pipe
wall and insulation layer conduction thermal resistances of the
segment, respectively, and Rth,conv-rad,o,i is the outer side con-
vection and radiation thermal resistance of the segment. They
can be expressed by:

Rth,conv ,i,i =
1

kconv ,i,iπdiΔx
, (23)

Rth,cond,w ,i =
ln

(
do
di

)
kcond,w ,i2πΔx

, (24)

Rth,cond,ins,i =
ln

(
D
do

)
kcond,ins,i2πΔx

, (25)

Rth,conv-rad,o,i =
1

kconv-rad,o,iπDΔx
. (26)

where kconv ,i,i denotes a convection heat transfer coefficient;
kcond,w ,i and kcond,ins,i give thermal conductivities; kconv-rad,o,i

is the combined convection and radiation heat transfer coeffi-
cient [4].

The thermal resistances on the right side of (22) may heavily
vary with respect to different applications. For instance, pipes
are usually buried underground in district heating applications.
In this case, the ambient side thermal resistance due to convec-
tion and radiation Rth,conv-rad,o,i can be neglected from (22).
In applications where the insulation layer is not needed for the
pipe, Rth,cond,ins,i can be neglected in (22).

The pressure drop Δpp,i in the flow direction in the pipe
segment due to wall friction can be calculated by:

Δpp,i = Kp |ṁ|ṁ, (27)

where Kp is the pressure loss coefficient of the pipe segment
and can be expressed as [24]:

Kp =
8λΔx

d5
i π

2ρ
, (28)

Fig. 7. Implementation of model for pipe segment as equivalent circuit.

where λ is the Darcy friction factor that is dependent on the
Reynolds number and flow cross section geometry, and di is
the inner pipe diameter. The applied sign convention of (27),
illustrated in Fig. 7, supports the modeling of a flow resistance
as follows:

Rfl ,p,i =
Δpp,i

ṁ
, (29)

where Rfl ,p,i is variable. By inspection of (27), it is expressed
as:

Rfl ,p,i = Kp |ṁ|. (30)

B. Formulation Using Circuit Equivalents

Based on the established discretized pipe equations, a π-
model can be implemented for representing the enthalpy distri-
bution pipe in analogy to the π-circuit model used for modeling
lines in electric power networks. In this context, (16) describing
the thermal transients in a pipe segment is represented using the
lower circuits within the frame of Fig. 7. Enthalpy transfer Ḣi−1
incoming from the prior pipe segment enters to a parallel com-
bination of a resistive branch, a capacitive branch, and a con-
trolled current source branch with the enthalpy transfer output
from the present segment. The resistive branch consists of a
resistance Rth,p,i , which comprises four thermal resistances as
given in (22). It is connected to a voltage source giving the ambi-
ent temperature Ta,i . The quantity Q̇c,i in this branch is the heat
transfer from inside the pipe normal to the pipe wall to the am-
bient. The capacitive branch consists of a thermal capacitance
Cth,p,i , impacting the thermal transients of the pipe segment.
Based on (16), the outlet enthalpy transfer rate Ḣi = ṁh(Ti)
is implemented using a current-controlled current source. Us-
ing the electric circuit analogy, the temperature of the water in
pipe segment i is obtained by measuring the voltage across the
capacitance Cth,p,i of Fig. 7.

To model the mass flow of water ṁ, the pipe is represented
using a parallel circuit given in the upper part within the frame
of Fig. 7. The flow resistance Rfl ,p,i is determined by (30). The
voltage drop across the flow resistance represents the pressure
drop of the water flowing in the pipe segment according to (27).

Connecting all the N pipe segments together in series, a π-
model for the pipe can be realized as shown in Fig. 8. Each
segment has a length of Δx as in Fig. 5. The values of capaci-
tance Cth,p,i , of resistances Rth,p,i and Rfl ,p,i are the same for
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Fig. 8. Implementation of π-model for pipe as equivalent circuit.

TABLE II
MODEL PARAMETERS USED IN VALIDATION

the pipe segments. They can be calculated separately based on
(20) to (26), and (30). It is noted that the flow resistances Rfl ,p,i

for each pipe segment may be aggregated for the entire pipe
comprising N segments: Rfl ,p =

∑N
i=1 Rfl ,p,i .

V. VALIDATION

The pipe model is validated for steady state and transients.
The validation is carried out with two test cases. The pipe is
assumed to be used in a district heating application and buried
underground. Therefore, the ambient side thermal resistance
due to convection and radiation is neglected. The pipe in district
heating applications consists of a carrier pipe with an insula-
tion layer. Parameters used for validating the pipe are given in
Table II. The given parameters do not vary in axial direction.
The circuit equivalent models were implemented in PSCAD
as an EMTP-type program. Equations (20) to (26), and (30)
are implemented through Continuous System Model Functions
(CSMF) blocks to compute capacitances and resistances. The
performance of the circuit-equivalent-based pipe model is first
verified by comparing the results to those determined with dedi-
cated software. Furthermore, the performance of the pipe model
is validated by comparing the simulation results with measure-
ment data.

A. Comparison with Software Model

The temperature transients affiliated with water flowing in
a pipe are studied through a step response. The length of the
pipe is set to 100 m. At the beginning at time t = 0 s, feed-
ing water temperature Tin and the temperature T0 of the wa-
ter initially stored in the pipe are at 363 K. The mass flow
of the feeding water is kept at 1 kg/s throughout the simula-
tion. At the time instant t = 500 s, there is a temperature drop
of 10 K in the feeding water. Different locational discretiza-
tions of the pipe are shown to lead to different temperature
responses. In Fig. 9, the simulated temperature responses of the

Fig. 9. Pipe model responses to temperature change at different discretiza-
tions.

Fig. 10. Pipe model responses to temperature change compared with results
given by Dymola.

water at the outlet of the pipe are given. Several observations
can be made. At steady state, temperatures at the output are
the same for different discretizations. During transients, how-
ever, the number of discretization intervals is important in de-
termining the solution. On the one hand, a small number of
π-sections may result in a rather inaccurate solution. As an ex-
ample, for the setting of Δx = 50 m, N = 2, it can be seen that
the water temperature at the outlet of the pipe changes almost
at the same time as does the temperature step at the inlet. How-
ever, this misrepresents the time needed for the water to travel.
Too many π-section, on the other hand, would increase the
required computational efforts without giving a corresponding
gain in accuracy.

The equivalent circuit based pipe model as implemented in
PSCAD can be verified by comparing the results with those
given by an existing pipe model available in Dymola, a com-
monly distributed environment for multi-engineering modeling
and simulation. The results, depicted in Fig. 10, are in very close
agreement. The time step size used for the comparison in Fig. 10
was 1 s for both PSCAD and Dymola. While the dedicated pipe
model of Dymola did run faster, it should be noted that dedicated
speed optimizations were not applied for the model where the
enthalpy transfer is represented in the circuit equivalent. In fact,
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Fig. 11. Pipe model responses to temperature change compared with physical
reality.

a main application of the pipe model is to be seen in the con-
text of multi-carrier networks that involve multi-carrier energy
systems. The latter can cover AC and DC electric distribution
networks [25], [26] together with heat distribution networks.

B. Comparison with Physical Experiment

In this section, the pipe model is validated based on actual
data from a physical experiment. In accordance with [27], a pipe
of a length of 729 m is used for delivering thermal energy from a
heating plant to a heating substation. The parameters of the pipe
are given in Table II. The mass flow is 1.45 kg/s. The supply
temperature at the heating plant, in the range of 53 °C–70 °C,
is depicted with the solid curve as shown in Fig. 11 [27]. The
temperature wave propagates away from the heating plant and
is measured at the substation. The measurements at the outlet
are presented by diamond symbols. Simulations are carried out
with three different discretizations, giving 50, 100, and 150 pipe
segments, respectively. The results are depicted in Fig. 11. For
the simulation runs at N = 150 and N = 100, the numerical
results closely approximate reality. At N = 50, due to larger
segments, the deviations to the measured data during transients
become more pronounced.

VI. APPLICATION

In this section, the proposed modeling of the enthalpy trans-
fer is applied in a case study. Thermal power is generated by a
Solid Oxide Fuel Cell (SOFC), whose modeling also received
attention recently [28]–[30]. It is utilized in a CHP configuration
to warm up domestic water. The implementation of the system
is shown in Fig. 12. The system is composed of an SOFC-CHP,
a heat exchanger, a domestic water supply unit, a water storage
unit, and a set of pipes. For any fluid in the model, the mass flow
and the enthalpy transfer appear as a pair as shown in Fig. 1. The
SOFC-CHP is connected to an electric load indicated by a vari-
able resistance. The exhaust streams out of the SOFC-CHP are
used for warming up domestic water in the heat exchanger that
is implemented in the block “Heat exchanger power stage”. In
the domestic water supply unit, cold water is provided. After be-
ing warmed up, the water is stored in the block “Water storage”

Fig. 12. Implementation of CHP application case in PSCAD.

TABLE III
MODEL PARAMETERS USED IN APPLICATION

for the future usage. Modeling details of these components are
given in Appendix B. Parameters used in the application are
listed in Table III. The given parameters do not vary in the di-
rections of the mass flows. The pipes of Fig. 12 are exposed
to the surrounding air. Therefore, the combined convection and
radiation thermal resistance at the outer surface is considered.
However, due to the very low conductivity of the insulation
layer, the overall thermal resistance is dominated by the con-
duction thermal resistance of the insulation layer. Regarding the
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Fig. 13. CHP model responses to electric load change.

heat exchanger, the radiation effect is not considered according
to assumption 7 of Appendix A.

The setup in Fig. 12 illustrates how the modeling of the en-
thalpy transfer is applied to represent and compute the inter-
action of multi-energy system. It is also shown how the multi-
physics components, involving electric, fluid, and thermal quan-
tities, are interfaced with each other using circuitry. For domestic
hot water preparation, it is important to control the temperature
to a comfortable level. In order to do so, the “Heat exchanger
control stage” acts on the “Heat exchanger power stage” to adapt
the cold water supply.

A. Thermal Transient of Exhaust Stream

The SOFC-CHP model is a thermally self-sustaining CHP
system that is detailed in [28]. In this application, the CHP
system comprises a 5-kW SOFC stack, an afterburner, two pre-
heaters, a hydrogen supply system, and an air supply system,
with parameters specified in [28]. As depicted in Fig. 12, the
SOFC-CHP is directly connected to a load Rload . Changes in
load are simulated by modifying the variable resistance accord-
ing to Rload = V 2

fc/Pload,ref . The SOFC initially is in steady
state supplying a load of 3 kW. At time instant 20 s, the reference
load profile Pload,ref increases to 5 kW at a rate of 1000 W/s.
At 60 s, Pload,ref decreases at that rate to a final value of 3 kW,
as shown in the top plot of Fig. 13.

When the SOFC starts to generate electric power, the SOFC
exhaust stream is used to preheat the SOFC inlet air and hydro-

gen flows using the two preheaters, also contained in the block
“SOFC based CHP”. After the process of preheating, the SOFC
exhaust stream still has valuable thermal energy. This remain-
ing exhaust stream is delivered to the block “Heat exchanger
power stage” using a pipe for warming up domestic water. The
temperature of the stream T hex

i,exh is shown in the second plot of
Fig. 13. The temperature is seen to change with the changes of
the electric load. For instance, at time instant 20 s, the SOFC-
CHP generates more electric power to meet the increase of the
electric load. At the same time, a large thermal energy transfer
is obtained from the CHP as well, leading to the increase of
the temperature T hex

i,exh at the input of the heat exchanger power
stage.

B. Thermal and Flow Transients of Domestic Water Supply

The third plot of Fig. 13 shows the transients of the domestic
hot water temperature T hex

o,dw after the heat exchanger. Due to the
implemented control, this temperature is set to stay around 323 K
for comfortable hot water usage [24]. The magnitude of the
deviation remains less than 2 K. The description of the control
is detailed in the Appendix B. The flow rate of the domestic water
ṁdw is adjusted by regulating the valve in the heat exchanger to
maintain the temperature of the hot water supply. The transients
of the domestic water flow rate are presented in the fourth plot of
Fig. 13. In the heat exchanger, the heat transfer rate Q̇dw from the
exhaust stream to the domestic water is also given in Fig. 13. As
expected, Q̇dw rises with the exhaust stream temperature T hex

i,exh .

A higher T hex
i,exh leads to a larger enthalpy transfer Ḣhex

o,dw .

VII. CONCLUSIONS

A new methodology for modeling the enthalpy transfer using
electric circuit elements was developed, implemented, and ap-
plied to the simulation of multi-physics power systems involving
multiple energy carriers. The presented work is distinguished
through three contributions. First, the concept of the enthalpy
transfer modeling using circuit equivalents was established. Sec-
ond, it was shown how the implementation of the analogy can be
applied in the modeling of the pipe for enthalpy transfer. Third,
the performed validation shows the pipe model closely match-
ing the real-world counterpart for steady state and for different
transients. The implementation of the enthalpy transfer through
electric circuit equivalents in an EMTP-type program enables
the analysis of diverse transients in combined heat and power
applications.

APPENDIX A
ASSUMPTIONS

To facilitate the modeling of the CHP components, the fol-
lowing assumptions are made:

1) Junctions are nodes and do neither store mass nor energy.
2) In the control volumes of pipes and heat exchangers, con-

servation of mass applies; thus, the mass does not change
inside the control volume.

3) In the control volumes of pipes and heat exchangers,
changes in potential or kinetic energies are not consid-
ered.
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Fig. 14. Heat exchanger schematic showing flows and temperatures.

4) Pipes are circular and one-dimensional in the direction
of the flow. Heat conduction between the fluids in the
neighbouring control volumes of the pipe is neglected
compared with energy transfer by advection.

5) The fluids are incompressible and of constant property.
6) Flows are considered in the fully developed region.
7) Radiation effects in heat exchanger are neglected com-

pared with the heat transfer by convection and conduction.
8) In the storage tank used in the application, the temperature

is uniformly distributed in the water.
9) The storage tank used in the application is lossless.

APPENDIX B
MODELING AND IMPLEMENTATION OF CHP COMPONENTS

Supplementary information on the modeling of the CHP ap-
plication of Fig. 12 is given hereafter.

A. Heat Exchanger System

The heat exchanger system is composed of the block “Heat
exchanger control stage” and the block “Heat exchanger power
stage” of Fig. 12. The heat exchanger used in the application
is a plate heat exchanger. A cross section of a heat exchanger
representation after discretization [31] is shown in Fig. 14. The
presented heat exchanger has one wall plate and is split into
M segments. The CHP exhaust stream flows on the upper side
of the heat exchanger, while the domestic water is warmed up
on the lower side. Regarding the control volume i, the energy
balances for both CHP exhaust stream and domestic water can
be written as [31]:

Q̇dw ,i = Ḣexh,i−1 − Ḣexh,i , (31)

Q̇dw ,i = Ḣdw ,i − Ḣdw ,i+1 , (32)

where Q̇dw ,i is the heat transferred from the CHP exhaust stream
to the flowing domestic water; Ḣexh,i−1 and Ḣexh,i are the inlet
and outlet enthalpy transfers of the CHP exhaust stream within
the control volume i, respectively; Ḣdw ,i+1 and Ḣdw ,i are the
inlet and outlet enthalpy transfers of the flowing domestic water,
respectively. These energy transfers as shown in Fig. 14 can be
expressed by:

Ḣexh,i = ṅexhh(Texh,i), (33)

Ḣexh,i−1 = ṅexhh(Texh,i−1), (34)

Ḣdw ,i = ṁdwh(Tdw ,i), (35)

Ḣdw ,i+1 = ṁdwh(Tdw ,i+1), (36)

Q̇dw ,i =
1

Rth,hex,i
(Texh,i − Tdw ,i), (37)

and

ṅexh = ṅhex
i,exh (38)

ṁdw = ṁhex
i,dw (39)

where h and h are the specific enthalpy and molar enthalpy,
respectively [5], Rth,hex,i is the overall thermal resistance in
the heat exchanger regarding control volume i as shown in
Fig. 14. Similar to the overall thermal resistance in the pipe,
the heat exchanger overall thermal resistance also comprises
several components:

Rth,hex,i = Rth,hex,exh,i + Rth,hex,w ,i + Rth,hex,dw ,i , (40)

where Rth,hex,exh,i is the hot fluid side convection thermal re-
sistance of the segment, Rth,hex,w ,i is the heat exchanger wall
thermal resistance of the segment, and Rth,hex,dw ,i is the cold
fluid side convection thermal resistance of the segment. They
can be expressed as:

Rth,hex,exh,i =
1

kconv ,exh,iAexh,i
, (41)

Rth,hex,w ,i =
δw

kcond,w ,iAw ,i
, (42)

Rth,hex,dw ,i =
1

kconv ,dw ,iAdw ,i
, (43)

where Aexh,i and Adw ,i are the surface areas of exhaust stream
side and domestic water side, respectively, of a heat exchanger
segment, Aw ,i is the wall area of a heat exchanger segment, and
δw is the wall plate thickness.

The pressure drop in the flow direction in the heat exchanger
segment due to wall friction can be calculated by:

Δpfl ,exh,i = Rfl ,exh,i ṅexh , (44)

Δpfl ,dw ,i = Rfl ,dw ,iṁdw , (45)

and

Rfl ,exh,i = Kexh |ṅexh |, (46)

Rfl ,dw ,i = Kdw |ṁdw |, (47)

where Kexh and Kdw are the pressure loss coefficients of ex-
haust stream side and domestic water side, respectively, in the
heat exchanger.

For domestic hot water preparation, it is important to design
a controller that maintains the temperature of the supplied water
at a comfortable level. This is accomplished by using a propor-
tional integral (PI) controller to regulate the inlet water flow to
the heat exchanger. The input error signal ε to the PI controller
is calculated as follows:

ε = (T hex
o,dw − Tdw ,ref ), (48)

where Tdw ,ref is the desired reference hot water temperature.
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Fig. 15. Implementation of heat exchanger in PSCAD.

The implementation of the heat exchanger power stage using
circuit equivalents is depicted in the upper part of Fig. 15. The
implementation of control volume i = 2 with the two electrical
nodes ‘a’ and ‘b’, as shown in the figure, is considered as an
example for illustrative purposes. In accordance with Fig. 14,
the CHP exhaust stream ṅexh

i,exh enters from the left. Three en-
ergy transfers meet at node ‘a’ in order to satisfy (31). The en-
thalpy transfers Ḣexh,1 and Ḣexh,2 are modeled as two current-
controlled current sources. The controlling signals are depicted
in the figure according to (33) and (34). The heat transfer Q̇dw ,2
from node ‘a’ to node ‘b’ passes through the thermal resistance
Rth,hex,2 . It represents the heat transferred from the exhaust
stream to the flowing domestic water and is based on (37).
Similarly, three energy transfers meet at node ‘b’ in order to
model (32). One of these transfers is Q̇dw ,2 . The other two en-
thalpy transfers Ḣdw ,2 and Ḣdw ,3 are also modeled as current-
controlled current sources, whose controlling signals are given
in the figure based on (35) and (36). Regarding the mass flows
of the fluids, the representations are depicted by the circuits in
parallel. The pressure drop of the domestic water flowing in
the heat exchanger segment is represented by the voltage drop
across the flow resistance Rfl ,dw ,i . The pressure drop of the
exhaust stream is given by the voltage drop across Rfl ,exh,i .

The valve used for regulating the flow rate of the domestic
water is modeled as a variable resistance. It is adjusted by the
PI controller that is implemented in the lower part of Fig. 15.

B. Domestic Water Supply and Storage

Regarding the domestic water supply unit, a pressure source
drives the domestic water inlet flow as depicted in Fig. 16. The
flow rate of the domestic water is regulated by adjusting the
valve of the heat exchanger as explained above. The enthalpy
transfer of this water flow is calculated by:

Ḣsrc
dw = ṁsrc

dw · h(T src
dw ), (49)

where ‘src’ stands for source.

Fig. 16. Implementation of domestic water supply in PSCAD.

Fig. 17. Diagram and implementation of domestic water storage and usage in
PSCAD.

The generated domestic hot water is stored in a tank for the
future water usage. This storage is assumed to be a cylindrical
isolated water tank as depicted in the left part of Fig. 17. The
water pressure in the storage pstor is given by [24], [32]:

dpstor

dt
=

1
Cstor

(ṁdw − ṁout), (50)

and

Cstor =
πr2

stor

g
, (51)

where Cstor is the hydraulic capacitance [3], rstor is the radius
of the storage tank, g is the gravitational acceleration. In the
time interval of the simulation in Section VI, the future water
usage is not considered, leading to ṁout = 0.

As depicted in the left part of Fig. 17, Tstor is the temper-
ature of the water in the tank according to assumption 8 of
Appendix A. Then, the total enthalpy Hstor of the water stored
in the tank can be expressed by [5]:

Hstor = mstorh(Tstor), (52)

and mstor is the total mass of the water stored in the tank:

mstor =
∫ t

t in i

ṁdwdτ + mini, (53)

where ṁdw is the mass flow of domestic hot water feeding the
tank, and mini is the initial mass of the water stored in the tank
at time instant tini . If the tank is empty at the beginning of the
simulation, then mini = 0.

According to assumption 9 of Appendix A, enthalpy Hstor
can be calculated by:

Hstor =
∫ t

t in i

Ḣdwdτ + minih(Tini), (54)
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where Ḣdw is the enthalpy transfer affiliated with ṁdw , Tini
is the temperature of the water in the storage at the beginning
of the simulation. Combining (52), (53), and (54), the average
temperature of the water Tstor in the tank can be obtained.

The implementation of the water storage is depicted in the
right part of Fig. 17. In the lower part, the controllable voltage
source with controlling signal of Tstor is used for indicating
the temperature of the water in the tank. In the upper circuit,
the hydraulic circuit is implemented according to (50). The
controllable voltage source with controlling signal pini is used
for indicating the initial water pressure in the tank. This pressure
can be calculated as: pini = ρgzini . Here, zini is the initial depth
of the water in the tank.
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