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Abstract

In this work, a parametric optimization analysis of various innovative modular air-cooled condenser systems
is carried out in order to identify the optimum system configuration and size to be used as the cooling system
in a 50MWe parabolic trough concentrated solar power (CSP) plant. The optimization analysis is conducted
individually on a total of 17 different configurations and on a total of 8 different condenser sizes for each
configuration. The results identify the optimum air cooled condenser configuration and size that can achieve
the minimum CSP plant electricity unit cost.
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1. Introduction

Current concentrated solar power (CSP) plants uti-
lize water or air cooled condensers in a conventional
Rankine cycle for electricity generation. The con-
denser performance is a key factor affecting the gen-
eration efficiency of the plant since it determines
steam output temperature and pressure and thus the
total amount of work done by the steam turbine [1].
The utilization of water cooled condensers, although
effective, is constrained by the need for water avail-
ability in the immediate plant location. On the other
hand, conventional air-cooled condensers, which do
not necessitate the presence of a water source, are not
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as effective because they cannot maintain optimum
condenser pressure and temperature and are unre-
sponsive to daily variations in ambient temperature.
This may translate to increased fan power consump-
tion and lower plant efficiency [1–6].

In order to overcome the technical limitations of
conventional air cooled condensers, the MACCSol
research project [7], partly funded by the European
Commission, provides an innovative industry solu-
tion through a new dry cooling approach for multi-
MWe sized CSP plants. The consortium of project
partners consists of three universities and four indus-
trial partners. The universities are the University of
Limerick in Ireland, the University of Erlangen in
Germany and the Universita Degli Studi di Perugia
in Italy. The industrial partners involved are R&R
Mechanical Ltd. in Ireland, Torresol Energy Invest-
ments Ltd. in Spain, AuBren Ltd in Ireland and the
Electricity Authority of Cyprus. The primary objec-
tive of the MACCSol project is the development and
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Figure 1: Typical MACC module arrangement (left) and tube
bundle (right)

verification of an innovative modular air cooled con-
denser (MACC). If successful, this innovative tech-
nology will remove a significant barrier to the de-
ployment of CSP plants in desert and arid areas and
thus facilitate the EU in achieving its 2020 renewable
energy contribution targets [8–10]. It will also ulti-
mately enable CSP plants to increase net power out-
put and reduce costs compared to existing dry cooled
plants [11]. The completed MACC system will in-
corporate sensors that will detect changes in temper-
ature and ambient wind, and fan flow rate and control
algorithms, which will communicate with these sen-
sors to continuously vary fan speed. It will therefore
maintain optimum condenser pressure and tempera-
ture irrespective of ambient conditions. As a result,
steam turbine outlet conditions will always be opti-
mized, thus maximizing power output and reducing
operating costs. Also, because the MACC system
will be a modular design, installation and mainte-
nance costs will be significantly reduced.

Prior to its commercialization, the MACC system
performance first needs to be monitored and opti-
mized at both module and system level. The opti-
mization process involves numerical simulations, an-
alytical modeling, physical scale modeling and mea-
surements on full scale prototypes. The effects of
all design options are to be assessed using thermo-
dynamic models, while techno-economic modeling
will assess the life time cost implications of vari-
ous design options of MACC systems. Finally, to
prove the merits of the optimized MACC design, full
scale testing in an operational steam power plant will
be performed [7]. A typical MACC module, with a
length and width of 2 m by 2 m, is shown in Fig-

ure 1. The module is basically made up of one or
more 1 m diameter fans blowing air either in induced
or forced draft mode across an array of condenser
tubes, located in the tube bundle section of the mod-
ule, shown in Figure 1 (right) through which the out-
put steam of the turbine flows. The optimum MACC
system will consist of multiple modules, the exact
number of which needs to be identified. In addition,
where a variety of MACC finned tube geometries are
being considered, the optimum MACC system con-
figuration will be different for each tube geometry.

In this work, a parametric optimization analysis
of various MACC system configurations and sizes is
performed in order to identify the optimum MACC
system configuration and size to be used as the
cooling system in a 50 MWe parabolic trough CSP
plant. The optimization analysis is conducted in-
dividually on a total of 17 different MACC system
configurations [12]. The optimum MACC system
configuration and size is to be identified by inves-
tigating for each configuration the optimum trade-off

between increased operating costs associated with
high MACC system fan speeds and increased capi-
tal costs, associated with the MACC system’s larger
heat transfer area, which is proportional to the num-
ber of MACC modules.

In section 2, the methodology and the software
optimization tool used for the parametric optimiza-
tion analysis of the MACC system configurations
and sizes are described and the scenarios investigated
are presented. The results of the optimization analy-
sis are discussed in section 3, while the conclusions
are summarized in section 4.

2. Methodology and simulation procedure

In order to identify the optimum MACC sys-
tem configuration and size in terms of operating
conditions, the analysis is conducted individually
on 17 MACC system configurations with different
finned tube geometries, namely MACC system con-
figuration A through to configuration Q. For the pur-
poses of this analysis, the operation of the CSP plant
is simulated and the electricity unit cost is calculated
based on the following algorithm: (a) calculation of
solar radiation in the plane of the parabolic trough
solar field, (b) calculation of electrical energy de-
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livered by the solar thermal plant, (c) calculation of
system losses, (d) calculation of electrical energy de-
livered to the grid, (e) calculation of required area
for parabolic trough solar field, (f) calculation of re-
quired area for the installation of the solar thermal
power plant and (g) calculation of electricity unit cost
assuming that the initial investment year is year 0, the
costs are given in year 0 terms, thus any inflation rate
(or escalation rate) is applied from year 1 onwards
and the timing of cash flows occurs at the end of the
year [13].

In order to perform the simulations required for
the above optimization analysis, the IPP v2.1 soft-
ware tool is employed [14]. This user-friendly soft-
ware tool can be used for the selection of appropri-
ate least cost power generation technology in com-
petitive electricity markets. The software takes into
account capital cost, fuel consumption and cost, op-
eration cost, maintenance cost, plant load factor, etc.
All costs are discounted to a reference date at a given
discount rate. Based on the above input parameters
for each candidate technology the algorithm calcu-
lates the least cost power generation configuration in
real prices and the ranking order of the candidate
schemes. The technical and economic parameters
of each candidate power generation technology are
taken into account based on the cost function:

min
(
∂c
∂k

)
= min


∑N

j=0

[
∂CC j
∂k +

∂CF j
∂k +

∂COMF j
∂k +

∂COMV j
∂k

(1+i) j

]
∑N

j=0

[
∂P j
∂k

(1+i) j

]

(1)

where c is the final cost of electricity in €/kWh,
in real prices, for the candidate technology k, CC j is
the capital cost function in €, CC j is the fuel cost
function in €, COMF j is the fixed O&M cost function
in €, COMV j is the variable O&M cost function in
€, P j is the total electricity production in kWh, j =

1, 2, . . . N is the period (e.g., years) of installation and
operation of the power generation technology and i is
the discount rate. For the purposes of this analysis,
for the simulation of CSP technologies, the fuel cost
function in Equation (1) is set to zero. The least cost
solution is calculated by:

least cost solution = min
[
∂c
∂k

]
(2)

During the simulations procedure the following fi-
nancial feasibility indicators based on the individual
case examined may be calculated: (a) electricity unit
cost or benefit before tax (in €/kWh), (b) after tax
cash flow (in€), (c) after tax NPV (net present value:
the value of all future cash flows, discounted at the
discount rate, in today’s currency), (d) after tax IRR
(internal rate of return: the discount rate that causes
the NPV of the project to be zero and is calculated us-
ing the after tax cash flows. Note that the IRR is un-
defined in certain cases, notably if the project yields
immediate positive cash flow in year zero) and (e) af-
ter tax PBP (payback period: the number of years it
takes for the cash flow, excluding debt payments, to
equal the total investment which is equal to the sum
of the debt and equity) [14].

In order to identify the optimum MACC system
size for each of the 17 configurations (A to Q), in-
put data were provided for sizes ranging from 200
to 1600 modules in steps of 200 modules for each
MACC system configuration. In addition, since the
MACC system would be integrated as the main cool-
ing system in a 50 MWe CSP parabolic trough plant,
an annual DNI factor of 2000 kWh/m2 is used for the
analysis. Throughout the simulations, a typical dis-
count rate of 6% is assumed. In order to calculate
the after-tax cash flows and after-tax financial indi-
cators a single 10% income tax rate is assumed that
is constant throughout the project life and applied
to net income. Also, the economic life of the CSP
plant is assumed at 20 years. The simulations do not
consider any feed-in tariff or other subsidy scheme
or any income from the Emission Trading Scheme
(ETS) trading.

3. Results and discussion

The results concerning the MACC system fan en-
ergy consumption are shown in Figure 2. Clearly,
as the size of each MACC system configuration in-
creases, the fan consumption decreases reflecting the
increased heat rejection due to the larger heat transfer
area of the MACC.

In order to identify the gross output power and
the associated condenser heat rejection requirements
of a typical 50 MWe steam power plant, the Ther-
moflow 21 software package was used and specifi-
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Figure 2: Annual fan energy consumption

Figure 3: 50 MWe turbine gross output and heat rejection ver-
sus steam outlet temperature

cally the Steam Pro 21 and the Steam Master 21 soft-
ware. In order to provide a comprehensive analysis
of the variability of turbine gross output power and
condenser heat rejection requirements as a function
of turbine outlet steam temperature, and therefore
as a function of ambient temperature levels, the tur-
bine outlet steam temperature was varied in 16 steps,
across a temperature range of 33◦C between 32◦C
and 65◦C [12]. The results of the analysis are shown
in Figure 3. The annual gross energy production of
the CSP plant was estimated based on the results of
the above thermodynamic analysis, by considering
the number of expected hours of operation of a CSP
plant and the respective DNI levels at each tempera-
ture level across these operating hours.

The estimated annual gross energy production of
the CSP plant is shown in Figure 4 and the estimated
annual net energy production is illustrated in Fig-

Figure 4: Annual CSP plant gross energy output

Figure 5: Annual CSP plant net energy output

ure 5.
The results of the analysis concerning the electric-

ity unit cost of the CSP plant as a function of MACC
system (configurations A to Q) size are shown in Fig-
ure 6. Clearly, as the size of the MACC system in-
creases, the cost of electricity of the plant decreases
to reflect the increases in net electricity generation by
the CSP plant.

However, after a specific MACC size is reached,
which is considered to be the optimum size, the elec-
tricity unit cost begins to rise reflecting the fact that
the gains achieved in net electricity generation are
now offset by the increases in MACC system capi-
tal cost. The optimum MACC system size is the size
where the electricity unit cost of the CSP plant is at
the minimum [12, 15].

Comparing across most MACC system sizes, con-
figurations B and D seem to exhibit the lowest elec-
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Figure 6: Overall comparison of CSP plant cost of electricity
for different MACC sizes

Figure 7: Overall comparison of CSP plant cost of electricity
using different MACC geometries as a function of CSP plant
specific capital cost

tricity unit costs, while configuration A the highest.
In fact, the larger the MACC system size, the bigger
the difference is between the CSP plant electricity
unit cost achieved with MACC system configuration
A and with configurations B or D.

The results of the analysis concerning the cost of
electricity of the CSP plant as a function of CSP plant
specific capital cost, in €/kW, are shown in Figure 7.
The results are similar to the results above. Specifi-
cally, as the CSP plant specific capital cost increases,
reflecting an increase in the size of the MACC sys-
tem, the cost of electricity of the plant decreases to
reflect the increases in net electricity generation by
the CSP plant. After a specific CSP plant capital cost
is reached, which is considered to be corresponding
to the optimum size, the electricity unit cost begins to

Table 1: Candidate technologies technical parameters

MACC
Geom-
etry

Optimum
MACC size,
modules

Minimum CSP
plant cost of

electricity, €/kWh

A 645 0.310297
N 585 0.308023
O 625 0.308001
Q 663 0.307955
P 689 0.307937
F 919 0.307449
J 949 0.307324
K 697 0.307249
E 981 0.307230
I 969 0.307198
C 884 0.307155
H 971 0.307024
G 955 0.306797
L 884 0.306294
M 945 0.306107
B 964 0.305929
D 976 0.305873

rise reflecting the fact that the gains achieved in net
electricity generation are now offset by the increases
in MACC system specific capital cost. Clearly, con-
figurations B and D on the one hand and configu-
ration A on the other hand set the lower and higher
electricity unit cost value boundaries respectively. In
fact, comparing across the whole range of CSP plant
specific capital costs, configurations B and D seem to
consistently exhibit the lowest electricity unit costs
across all 17 configurations, while configuration A
the highest [12, 15].

An overall comparison of the minimum CSP plant
electricity unit cost and MACC system optimum
size, for each of the MACC system configurations,
is tabulated in Table 1. It is clear that the MACC sys-
tem configuration that can achieve the minimum CSP
plant electricity unit cost is configuration D, with a
minimum electricity unit cost of 30.587 €c/kWh at
a MACC size of 976 modules, followed by config-
uration B with a minimum electricity unit cost of
30.593 €c/kWh at a MACC size of 964 modules.
Other configurations that can achieve lower mini-
mum electricity unit costs are geometries M and L.
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Figure 8: Overall comparison (bubble size reflects capital cost
per module in €)

Figure 9: Capital cost for manufacturing the optimum size of
each geometry

The minimum electricity unit cost achieved by
prototype configuration A is by far the highest:
31.030 €c/kWh at a size of 645 modules.

Finally, in the bubble chart depicted in Figure 8 a
comparison of each configuration in terms of its (a)
identified minimum CSP plant electricity unit cost
(y-axis), (b) corresponding optimum MACC system
size (x-axis) and (c) capital cost per module (indi-
cated by the bubble size), is shown. It is clear that the
configurations which can achieve lower minimum
CSP plant electricity unit costs do so at larger op-
timum MACC system sizes ranging from 900–1000,
as for example configurations D and B.

In addition, these configurations have typically
lower capital costs per module, illustrated by their
smaller bubble size, compared to the configurations
that have smaller optimum MACC system sizes. In

fact, configurations D and B not only provide the
lowest minimum CSP plant electricity unit costs but,
as shown in Figure 9, which presents the optimum
size capital cost for each configuration, need the low-
est capital costs to manufacture at their optimum sys-
tem size.

4. Conclusions

In this work, a parametric optimization analysis
was carried out using the IPP v2.1 software pack-
age for the identification of the optimum configura-
tion and size of a MACC system to be integrated in
a 50 MWe CSP parabolic trough plant. A total of
17 different configurations and a total of 8 MACC
sizes/scenarios per configuration were investigated
in order to determine the optimum MACC system,
which would essentially provide the lowest electric-
ity unit cost for the CSP plant. Based on the input
data and assumptions made, the optimization anal-
ysis shows that the CSP plant electricity unit cost
decreases with increasing MACC system size, up
to the optimum size, where the electricity unit cost
reaches its minimum value. Beyond this size, the
electricity unit cost starts to increase reflecting the
increases in MACC system capital cost. An over-
all comparison of the minimum CSP plant electricity
unit cost and MACC system optimum size, for each
of the 17 MACC system configurations, shows that
the MACC system configuration that can achieve the
minimum CSP plant electricity unit cost is config-
uration D, with a minimum electricity unit cost of
30.587 €c/kWh at a size of 976 modules, followed
by configuration B with a minimum electricity unit
cost of 30.593€c/kWh at a size of 964 modules. The
minimum electricity unit cost achieved by prototype
configuration A is by far the highest: 31.030 €/kWh
at a size of 645 modules. Finally, the analysis shows
that configurations D and B not only provide the
lowest minimum CSP plant electricity unit costs but,
need the lowest capital costs to manufacture at their
optimum system size.
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