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ABSTRACT
Combined heat and power (CHP) systems are able to NOMENCLATURE
increase the total energy use of primary energy sources. In the CHP Combined heat and power

CHP system studied in this paper internal combustion engines LMTD Logarithmic mean temperature difference
.. . . . ORC Organic Rankine Cycle
produce electricity and the hot engine cooling water is used for sic Specific investment cost
the heating of buildings. However, there is still waste heat left ICE Internal combustion engine
which can be fed to an organic Rankine cycle (ORC) to TCC Total component costs
produce electricity. The objective of this study is to design an Svmbols
economic optimal ORC system taking into account the variable Ay [me] Area
load for heating and the change in ambient temperature during d [m] Diameter
a year. Also the auxiliary equipment such as pumps and fans K [KW/m2K]  Heat transfer coefficient
are considered. A thermodynamic steady-state model is L [m] Length
developed to simulate the changing behavior hour-by-hour of 0 [kg/s] Mass flow rate
the complete system in different operating conditions. The Q [KW] Heat
ORC efficiency strongly varies over a year. The model allows T [°C] Temperature
selecting the optimal size of the heat exchangers (condenser v [ms] Volume flow rate
and evaporator), the optimal mass flow rates and the maximal
. .. W [kw] Power
power of fans and pumps needed for the considered application.
Greek symbols
Efficiency

INTRODUCTION
The world energy use has risen more than 40% between

&

n [-]
[

Isentropic efficiency

1990 and 2008 [1]. Together with the growing demand, the iummpts Air
energy prices keep on increasing. Furthermore, statistical af After (in the direction of the mass flow)
studies show that low grade waste heat accounts for more than amb Ambient o
50% of the total heat generated in the industry [2]. Therefore Ef (Bzzzcg:n(s'grthe direction of the mass flow)
many companies are interested to exploit new technologies to cond Condensing
make valuable use of low grade waste heat. drop Pressure drop
A possible solution is the use of low grade waste heat for e Evaporator
the heating of buildings. The drawback is that in temperate brp E‘c’gmatc'?r%uit fuid
climates the waste heat is unused during summer, while during heating Heating of buildings
winter it is possible that not all waste heat is used. in Input
Organic Rankine cycles (ORC) offer the possibility to out Output
generate electricity from the left over waste heat even with Gt ya‘:[]';”;?;;ﬂ?ag?ncpoint
temperatures below 100°C [3]. The choice for an ORC to sub Subcooling
convert the waste heat to power is influenced by the availability sup Superheating

and simplicity of the technology and the research already done
on the subject. In literature the selection of fluids for different
working conditions is covered extensively by various authors
(e.g. Wang et al. [4], Saleh et al. [5], Dai et al [6]).
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Quoilin et al. [7] investigated the optimisation potential by
regulating the evaporation pressure in operation. A thermo-
economic model was also developed [2]. They found that a
thermodynamic optimization can differ significantly from a
thermo-economic  optimization. The optimal specific
investment cost (SIC) for an ORC by using R245fa as working
fluid was estimated at 2700 €/kWe. Schuster [3] made the
assumption of a specific investment cost of 3755 €/kWe. Rettig
et al. [8] compiled data of specific investment costs available
from case studies and quotes from manufacturers. They showed
that for ORC’s below 500 kWe the SIC rapidly increases. At
500 kWe and 250 kWe the SIC is respectively around 2250
€/kWe and 3000 €/kWe.

The specific case used in this study is a combined heat and
power (CHP) system driven by an internal combustion engine
where waste heat is available from the closed loop engine
cooling circuit. Nowadays, the waste heat is used for building
heating and the rest is dumped to the atmosphere. The objective
of this study is to investigate the feasibility of an ORC fed by
the excess waste heat after building heating. The load on the
ORC will vary significantly in winter because then more heat is
needed for heating of the buildings. Ambient temperatures also
vary strongly, which affects the condenser performance. First,
an economic optimal ORC system was designed for a closed
loop heat source from a well-chosen reference working point.
Next, this design was used in an hour-by-hour quasi-steady
state simulation over a reference year to get insight into the
possible net energy production. The mass flow rates of the
cooling circuit, the working fluid and the air to the condenser
were regulated to achieve optimal cycle pressures in the ORC.
To the authors’ knowledge, these kind of quasi-steady state
simulations have not yet been done.

The coming months, the Kriging optimization method [9]
will be used for optimizing this initial reference design to an
optimal design for a reference year.

SYSTEM DESCRIPTION AND ASSUMPTIONS

Data from a retail company that currently has a CHP system
is used as a test case. Figure 1 shows the simplified setup.
Waste heat Q,ce is available from the closed cooling circuit of
the internal combustion engines. This heat is normally used for
heating the buildings. The heat Q,ce-Qneating IS imposed as heat
input to the ORC’s evaporator. A thermostatic valve keeps the
water entering the ORC at 90°C. Table 1 summarizes the
constant parameters in the setup.

Table 1 Constant setup parameters of the system

Parameter Value

Thi 90 [°C]

cooling circuit medium water

condenser medium air

Qice 3452 [kW]

Qheating hour-by-hour profile
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Figure 1 Simplified configuration of the CHP and ORC system

The fixed water inlet temperature of 90°C to the ORC implies
that an increased evaporating pressure will result in an
increased mass flow rate of the refrigerant. In other words,
increasing the evaporating temperature with a constant mass
flow rate will decrease the overall heat input. This effect can
also be illustrated on the TS-diagram of the ORC in Figure 1.
Decreasing the evaporator temperature will increase the glide
slope between Ty, and Thon and thus more heat can be
valorised.
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v

Figure 2 TS-diagram of the ORC

MODELLING

A steady state model of the ORC is made using MATLAB
[10] in combination with the FluidProp library [11] for
retrieving fluid properties.

Boundary conditions

The available waste heat and dry bulb temperature profiles
of one year are read from a database and have a resolution of
one hour. The dry-bulb temperatures from Brussels (Belgium)
for a reference year are used. These are taken from Meteonorm
[12] data included in TRNSYS 16 [13]. The power input profile
Qin, with a resolution of one hour is given by the retail
company. The superheating of the working fluid after the
evaporator is set at 5°C, the subcooling after the condenser is
set at 3°C. R245fa is used as working fluid. According to Wang
et al. [4], R245fa and R245ca are the most suitable working
fluids for an engine waste heat application if safety levels and



environmental impacts are considered. R245fa also has a very
broad application range: it is used as a foaming agent, as
refrigerant and in ORC applications [3]. Table 2 summarizes
the boundary conditions.

Table 2 List of boundary conditions

Parameter Value

Tamb dry bulb Meteonorm profile
(Brussels)

Tsuwp 5[°C]

Teub 3[°C]

Qin QICE'Qheating

Working fluid R245fa

Evaporator and condenser

The evaporator is modelled using the logarithmic mean
temperature difference (LMTD) method following a three-zone
approach. This is illustrated in Figure 3.

Tr,e,in 1 ) Tr,e,out
—> | | —>
1 | )
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Figure 3 Model of evaporator following a three-zone approach

In the first zone the working fluid is heated to the
evaporating temperature. The temperature of the cooling fluid
is reduced with AT}, . ;.

myAh, . = My Cp AT e = ke 1A AT mrp e 1)
Ahr,e,] = (hr,e,in - hr,e,evap) (2)
ATh,e,l = (Th,e,in - Th,e,I) (3)
ATLMTD,e,I — (Th,e,out_T;:Z,'Zlg;t(j‘;[r,’e;i;'rr,e,evap) ( 4)

The1~Treevap

In the second zone evaporation of the working fluid takes
place. The temperature of the cooling fluid is further reduced
with ATy ¢ ;.

mrAhr,e,II = mhcp,hATh,e,II = ke,IIAe,IIATLMTD,e,II (5)
Ahr,e,] = (h‘r,e,evap - h‘r,sat) (6)
ATy = (Ther — Thear) )
ATLMTD,I — (Th,e,l_Tr,e,s;z;}zz?:ﬁi?zjg‘pTr,e.evap) (8)

In The11-Treevap
The third zone includes the superheating. The temperature
of the cooling fluid is reduced with AT}, . ;.
LAY My CpnATh e = keii1Ae AT mrp e, 111(9)

Ah‘r,e,] = (h‘r,e,sat - he,r,sup) (10)
ATh,e,I = (Th,e,u - Th,e,III) (11)
Mgy, = LS e (12
In = —
he,in—!71.esup
Ae = Agp +Ae +Ac (13)

The mass flow rate of the working fluid is derived from the
given heat input:

- hr,out) (14)

Qin = mr(hr,in

This results in 8 equations and 8 unknown variables
(Ae,IlAe,IIlAe,III' Te,h,I' Te,h,II' Te,h,out' m‘r' mh)- This SyStem of
nonlinear equations is numerically solved using the Trust-
Region Dogleg Method [14].

The condenser model is analogue to the evaporator model,
see Figure 4. The heat transfer coefficients [15] used in the
evaporator and condenser are listed in Table 3.

Tr,c,in 1 ) Tr,c,out
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Figure 4 Model of condenser following a three-zone approach
Table 3 Used heat transfer coefficients [15]

Heat transfer coefficients Value [KW/(m2K)]

Ke. 0.5
ke'“ 1.2
Ke, i1 0.2
K. 0.2
kC,II 0.5
Ke,i 0.5

Turbine, pumps and fans

The heating transfer fluid pump, the working fluid pump,
the condenser fan and the ORC turbine are also incorporated in
the model. They are all modelled by their isentropic efficiencies
which are given in

Table 4.
_ Ahs,pumplfan _ hs,af,pump|fan_hbf,pump|fan 15
gpumplfan_ AR Y _h ( )
pump|fan af,pump|fan™"bf pump|fan
_ AR tyrbine _ haf,turbine_hbf,turbine 16
Eturbine = AR i _h —h i ( )
siturbine s,af,pump|fan—bf turbine

Wturbine = Ahiyrpine (17)
Wpummfan = Ahpummfan (18)

Table 4 List of isentropic efficiencies
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Isentropic efficiency Value [-]
€pumph 0.60
Epumprr 0.60

&fan 0.60
Eturbine 0.70
Cycle

The thermodynamic performance indicators used are the net
cycle efficiency e and gross cycle efficiency ngoss and are
defined as:

Wnet = Wturbine - Wpump,h - M/pump,r - Wfan (19)
WTLE
Mnet = Qint (20)
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n gross — .
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Thermo-economic model

The thermodynamic model is further extended with the cost
functions of the materials and equipment needed, which are
summarized in Table 5. In the thermo-economic model the
objective function for optimization is the specific investment
cost (SIC) in €/kWe [2]:

(21)

Costrgpor+CoStcomponents
SIC — abor 14 (22)

Whet

The diameters of the pipings are calculated in the design
phase by limiting the speed of the fluids in the ORC to 6 m/s
and the airflow to 1 m/s. In total 10 m of piping is assumed.

Table 5 Component costs [2]

Component Dependent variable  Cost [€]
Turbine Volume flow rate 1.5-(225+ 170
[mZ/S] ' Vturb)
Heat Heat exchange area 190+ 310-4
exchangers [m?]
Working Maximal power [KW] W,
fluid pump 900 - (_ggfgv)o_zs
Cooling Maximal power [KW] W,
fluid pump 500 - (5"
Condenser fan Maximal power [kKW] Wpump 025
100 - (—300 )
Piping Pipe diameter [mm] (0.89 +0.21
' dpipe) ’ Lpipe
Control system  / 500
Miscellaneous / 300
hardware
Labour Total component 0.3-TCC

costs (€)

RESULTS AND DISCUSSION

The design procedure to develop a thermo-economic
optimal design for a specific reference year consists of three
steps. In the first step an optimized design for a fixed working
point is made. Next, a quasi-steady state simulation is
performed with this design to evaluate the mean net power
production throughout a reference year. This mean net power
production leads to a new estimate of the SIC. In the last step,
variations in heat exchanger sizing, pumps and fans are made to
search for an optimum SIC taking into account the varying
operating conditions over a year. This will be done using the
Kriging optimization method [9].

Reference design in fixed working point

A well-chosen fixed reference working point was selected to
make a first design of the system. In summer the full load of
3452 kW is available for the ORC. It is thus preferable that the
ORC can work in these conditions. The high ambient
temperatures in summer lower the efficiency of the ORC and
increase the heat exchanger size and thus the cost of the system.

In winter the ambient temperatures are lower and therefore the
net efficiency of the ORC will be higher. For the preliminary
design an ambient temperature of 20°C was chosen. All the
parameters of the design case are listed in Table 6.

It is assumed that the evaporator is designed in such a way
that the pressure drop of the cooling fluid is limited to 1 bar
[16] and the air-side pressure drop of the condenser is limited to
0.001 bar [17]. These pressure drops are defined for the design
mass flow rates. All the parameters of the design case can be
found in Table 6.

Table 6 Reference working point parameters

Parameter Value

Tamb 20 [OC]

Qin 3452 [kW]
Pdrop,a 0.001 [bar]
IDdrop,h 1 [bar]

In Table 7 the results of the thermo-economic optimization are

shown. The variables Acvap, Acond: Mhnom: Manom: Menom are the
design variables and are kept fixed troughout a quasi-steady
state simulation as explained in the next section.

Table 7 Optimal values at reference working point

Variable Optimal value
Acvap 316.99 [m?]
Acond 457.40 [m?]
Tevap 75.79 [°C]
Tcond 40.14 [OC]

M, max 97.62 [ka/s]
Ma max 285.25 [ka/s]
Me max 16 [kg/s]

SIC 2134 [€/kW]
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Figure 5 and Figure 6 show variations around the optimal
design point. Figure 5a gives the mass flow rate and efficiency
as function of the evaporator temperature for a fixed evaporator
size. It is clear that there is an optimal mass flow rate to
maximize the net efficiency. Higher evaporating pressures (or
temperature) result in higher gross cycle efficiencies but leads
to higher mass flow rates in the cooling circuit and thus the net
efficiency will have a maximum.

The price of piping and pumps will increase with higher
mass flow rates. Therefore the maximum evaporating pressure
that can be reached is dependent on the investment costs. By
increasing the evaporator heat exchanger size a higher
evaporating temperature can be achieved with the same mass
flow rate but now the price of the evaporator increases as
shown in Figure 6a.

The optimal size of the condenser is found in a similar way
and is show in Figure 5b and Figure 6b. Increasing the air flow
over the condenser or increasing the size of the heat exchanger
will decrease the saturation temperature and therefore increase
the gross efficiency of the cycle. The price of the fan and heat
exchanger will increase.

Important to notice is that the condenser and evaporator
variables are coupled. Hence, the optimization must be done



with a multi variable optimization algorithm, like the simplex

search method of Lagarias et al. [18].
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Figure 6 Thermo-economic optimization

(a) Size and evaporating temperature evaporator
[Tamb=20°C, Qin=3452 kW, Acond=457.40 m?]

(b) Size and condensing temperature condenser
[Tamb = 20°C, Qin=3452 kW, Aevap=316.99 m?

Quasi-steady state simulation

In each working point, defined by the heat input Q;, and the
ambient temperature T,mw, an optimal condensing and
evaporating temperature exists corresponding to a maximum
net efficiency. This is clear from Figure 6 and Figure 7. A map
of the maximum net efficiencies in each working point (with
the fixed design variables of Table 7) is shown in Figure 7.
These maps can be made for different sets of design variables.
The working region of the machine and the efficiency will
change as shown in Figure 8 by way of illustration.

Efficiency [-]
o o o
o o ° p
(o2} @ L N

o
o
B

0.02

40 4000

. Waste heat [kW]
Ambient temperature [°C]

Figure 7 Net efficiency map [Ac«=316.99 m2, An=457.40 mz,
Mhmax=97.62 Kg/s, Mamax=285.25 kg/s, My max=16 kg/s]
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Figure 8 Net efficiency map [Aw;=200 M2, Agng=300 M2, My ;a=97.62
kg/s, Mamax=285.25 Kg/s, My max=16 kg/s]

The design variables are then kept fixed throughout a year
simulation and are used to calculate the cost of the pumps, fans
and heat exchangers. The mean power output required to
calculate the SIC is made by interpolating the data in the map
according to the changing working conditions.

An extract of the resulting net efficiency and net output
power is shown in Figure 9 and Figure 10, respectively. The
efficiency varies with more than 0.3% and the net power output
varies almost with 100 kW. The mean net efficiency, mean net
power and SIC are shown in Table 8. The SIC has changed
from the optimal value of 2134 €/kWe in the reference working
point to 1518 €/kWe. This is because most of the time the
ambient temperature is lower than 20°C. An optimal economic
design must take this into account.

Table 8 Results quasi-steady state simulation

Variable Value

Mean net efficiency 0.0619

Mean net power 209.9 [kW]

sic 1518[ €/kW]

0.09 *
0.085 MT'

E iy
! f% s r

o
o
N

i
;

SR
i A
{ . i

16-Nov-1995 11:24:18 01-Dec-1995 20:37:58 17-Dec-1995 05:51:39
Time

Figure 9 Quasi steady state simulation, net efficiency
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Figure 10 Quasi steady state simulation, net power output

Optimization of SIC in quasi-steady state simulation

By changing the design parameters the investment cost and
the efficiency maps will change. Therefore an optimal design
can be found for a specific year simulation. Quasi-steady state
simulations will be performed for sets of different design
variables. These sets are chosen with Latin Hypercube
sampling. The Kriging optimization method [9] can then be
used to search for an optimal set of design variables to
minimize the SIC. This is the subject of future work.

CONCLUSION

The objective of this study was to make an economic optimal
ORC by minimizing the SIC and by taking into account the
changing ambient temperatures and heat input. In a fixed
design it is necessary to change the mass flow rates of the ORC
to maximize the net efficiency. The gross efficiency of the
cycle keeps increasing with higher mass flow rates but the
power needed from pumps and fans also increases.

Because of the strong variations in operating conditions

(ambient temperature and heat input) a single reference design
point does not give insight in the actual power output. The SIC
changes from an optimal value of 2134 €/kW in the fixed
reference working point to 1518 €/kW in the quasi-steady state
simulation because of the higher net power output.
Analogue to the fixed reference working point, an optimal SIC
exists in the quasi-steady state simulation. By considering
different sets of design variables (Acvap, Aconds Mhmaxs Mamaxs
Mrmax) With Latin Hypercube sampling and using the Kriging
optimization this optimum can be found. This last part is a
work in progress.
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