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Cooling systems in power plants account for approximately 40% of total freshwater withdrawals in the U.S. Due
to dwindling access to freshwater resources worldwide, continued operation of wet cooling systems poses a
significant engineering challenge. To reduce water consumption, a novel air-cooled heat exchanger has been
developed using encapsulated phase change material (EPCM) for dry cooling of power plants. Compared to
traditional finned-tube air-cooled condensers, this novel EPCM heat exchanger improves the heat transfer
coefficient and power plant efficiency while reducing the pressure drop and cooling system cost. Life cycle
assessment (LCA) and techno-economic analysis (TEA) are used to evaluate the environmental and economic
performance of EPCM heat exchangers from cradle-to-grave and to compare them to wet cooling and traditional
air-cooled condensers. A thermodynamic model is developed to predict the EPCM heat exchanger performance
for plant-scale operations. Equipment and construction costs for heat exchangers are estimated based on design
parameters obtained from the thermodynamic model. Both process-LCA and economic-input–output LCA are
used to simulate and test the sensitivity of EPCM alternatives with commercial wet and dry cooling technologies.
We investigate options for EPCM end-of-life management upon retiring the heat exchanger and construct a
process-based LCA model to estimate a greenhouse gas (GHG) emissions credit for recycling the EPCM. The life
cycle GHG emission of the novel dry cooling technology is 1.16 kg CO2 eq./MWh compared with the 1.1–4.3 kg
CO2 eq./MWh reported for commercial dry cooling technologies and consumes 9.5 L/MWhe of water for cradleto-gate life cycle, which is significantly lower than that of wet cooling systems. The TEA shows many advantages
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of EPCM cooling technology over the state-of-art dry cooling solutions. Overall, the EPCM heat exchanger
provides a better alternative compared to existing dry cooling and wet cooling technologies.

1. Introduction

ambient air, of ACCs is usually higher than wet cooling. This higher ITD
leads to an increased steam turbine backpressure and hence to reduced
power plant efficiency [23]. Thus, a key to high cooling performance is
the reduction in the steam condensation temperature.
To improve the air-side heat transfer performance and minimize
pressure drop penalties, several heat transfer enhancement techniques,
such as winglet vortex generators extended into the air flow to generate
longitudinal vortices along the finned tubes, have been investigated
[24]. The feasibility of indirect dry cooling in the form of thermosiphons or heat pipes to replace conventional wet cooling towers [25,26]
has also been demonstrated.
Solid-liquid phase change materials (PCMs), owing to their large
energy densities, small density variations, and relatively low cost, have
been considered for short- and long-term energy storage systems
[27,28]. A PCM-based technology using heat transfer fluids comprising
encapsulated PCM particles suspended in a base fluid has been investigated with the potential to improve the thermal performance of
heat exchangers [29,30]. Most recently, we have employed PCMs to
decouple the steam condensation and heat rejection to air in air-cooled
condensers where the PCM particles are directly suspended in their own
melt to provide a short-term thermal storage between the steam-condensing (hot) and air (cold) sides [31]. In comparison to conventional
ACCs, this novel PCM ACC sprays millimeter-sized liquid PCM droplets
to take advantage of crossflow of air over small PCM droplets and hence
provides up to 5 times larger air-side heat transfer coefficient. For steam
condensation, melting of PCM particles in a two-phase PCM slurry bath
anchors the condensation temperature close to the PCM melting point
regardless of the ambient air conditions. One potential challenge of the
PCM ACC is the particulate losses to the environment as well as the
inevitable contamination of PCM exposed to the air.
To overcome particle loss and contamination, we have converted
the open system for PCMs [31,32] into a closed loop system by encapsulating the PCMs with thin polymer tubes [33,34]. The resulting
highly porous heat exchanger with encapsulated phase change material
(EPCM) is used downstream from a water-cooled steam surface condenser. Hot water exiting the condenser is cooled by melting the PCMs
embedded in the thin polymer tubes. As ambient air passes across the
melted EPCM tubes, the PCM solidifies and rejects the heat to air. The
porous EPCM heat exchanger has a high heat capacity, high heat
transfer coefficient, low pressure drop, and low cost. It also eliminates
all drift and particulate losses to the environment [35].
Our objective is to compare the life cycle environmental and economic performance of the novel EPCM heat exchanger relative to the
state-of-the-art ACC and evaporative cooling technologies using life
cycle assessment (LCA) and techno-economic analysis (TEA). Most prior
LCA research on power generation has evaluated multiple environmental metrics related to renewable energy sources such as solar [11],
wind [36–38] and biomass [39–42] including LCA/TEA approaches to
guide investment in electricity [40] and combined heat and power [43],
to address climate change. Burkhardt et al. [44] analyzed the energy,
greenhouse gas (GHG) emissions and water consumption of concentrating solar power (CSP) designs planned for construction in arid
and water scarce regions of the U.S. and therefore also examined wet
and dry cooling. Compared to a wet-cooled system, they found that dry
cooling reduced water consumption by 77% but increased energy and
GHG emissions slightly. Asdrubali et al. [45] compared the overall
damage to the environment and the severity of water consumption and
water stress for a wet cooling condenser, a traditional and an innovative
modularized ACC for a referenced CSP plant. The modularized ACC
reduced the water related impacts by half compared with the wet

Over the last decade, owing to water scarcity and limited water
resources, there has been increasing global demand for reducing
freshwater consumption. Power generation is responsible for 25% of
global greenhouse gas emissions [1] and additionally a major consumer
of freshwater resources. Steam-electric power plants account for approximately 40% of total freshwater withdrawals in the U.S., over 90%
of which is employed for condenser cooling [2,3]. Future water demand
for electricity generation is anticipated to increase progressively as
thermoelectric generation capacity is expected to grow by 6% between
2010 and 2035 [4,5]. Among the available condenser cooling systems,
wet cooling is predominantly used in existing power plants. Oncethrough wet cooling systems, which exploit and disrupt water resources
and threaten the survival of local ecosystems, account for nearly 43% of
the U.S. thermoelectric generating capacity [5,6]. These systems additionally have the disadvantage of returning water at elevated temperatures (typically ~ 10 °C above intake temperatures) making it
difficult to site power plants near available water at sources [7–9].
Compared to once-through condensers, evaporative wet cooling systems in the form of cooling towers have lower water withdrawal requirements, and are currently installed in 42% of U.S. thermoelectric
power plants [4,5]. Wet cooling towers draw ambient air that cools
down the sprayed hot water exiting the condenser. The counter flow of
ambient air and hot water removes most of the process heat and 2–3%
of water is lost by evaporation while the remainder is returned to the
condenser and cooled to ~ 4.4 °C (8°F) above the ambient wet-bulb
temperature [3,10]. Thus, wet cooling towers provide higher cooling
rates and improved system performance in arid climates with low wet
bulb temperatures. Although, evaporative wet cooling systems have
much lower water withdrawal rates than the once-through systems,
they tend to have appreciably higher water consumption because of
evaporative water loss.
In comparison to wet cooling systems, dry cooling systems such as
air-cooled condensers (ACCs) use air instead of water to condense the
steam and consequently reduce the overall power plant water consumption by more than 90% [11–13]. ACCs have not been widely
employed in the U.S., with only ~ 1% of existing U.S. plants using
them, but are expected to see increased adoption due to competing
water demands and water conservation regulations. Among the existing
ACCs’, direct-coupled mechanical-draft ACCs have been utilized in most
of the dry cooling systems in the U.S. [4,14,15]. In these systems, steam
exiting the turbine is routed through a series of large horizontal steam
pipes running along the top of ACC cells. A typical ACC cell has condensate carrying finned tubes along the inclined walls that form an Aframe. Air is driven through the inclined finned-tube arrays by a large
axial-flow fan approximately 9–10 m in diameter [16,17]. The benefits
of ACC systems however come with some drawbacks such as substantially higher capital investment (~10 times) [17] compared to
evaporative wet cooling systems due to their larger footprint area, use
of huge fin surfaces and additional supporting structures [18]. The installation and operational costs for ACC systems are currently 1.5–3.5
times greater [19] than existing evaporative wet cooling systems
[20,21]. In addition, ACCs are prone to a performance penalty due to
the poor thermal transport properties of air. The air-side heat transfer
coefficient of ACCs is low and is only ~ 35 W/m2 K [22], meaning that
ACCs require a much larger footprint, more units of fan and greater fan
power to remove the same amount of heat as in wet cooling systems.
For the same ambient conditions, the initial temperature difference
(ITD), i.e., the temperature difference between steam condensation and
2
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cooling tower for the selected reference site. Beccali et al. [46] studied
the life cycle of a solar heating and cooling system installed with either
a wet cooling tower or an air-cooled heat exchanger. Burkhardt et al.
[44] and Beccali et al. [46] both considered the cooling systems as subcomponents but carried out the life cycle impact assessment (LCIA) on
the entire power plants or thermal system basis. Although Asdrubali
et al. [45] evaluated the cooling system in isolation of the power plant,
they used the kWhe as functional unit rather than the kWth, which represents the true function of the cooling system, i.e., transferring heat.
Hence previous literature only examined the environmental impact of
the power plant cooling system with respect to the function of power
generation, i.e., per kWhe basis [44–46], while limited literature reports
the LCA in terms of the function of the cooling system, i.e., per kWth
basis. Our study evaluates the life cycle environmental impacts of
power plant cooling system not only based on the function of the power
plant, but also the function of the cooling system.
End-of-life (EOL) management of any new product system presents
new challenges given that waste management systems may not be in

place to retire the product [47]. Understanding available EOL management options for EPCM is essential to completing a life cycle evaluation. Prior studies [48–52] have posited that recycled EPCM can be
used for solar energy storage and building thermal management. Thus,
one of our objectives is to evaluate the impact of recycling as an EOL
management strategy for EPCM.
The present study adds to the power plant cooling literature by
examining a plant-scale EPCM-based heat exchanger, whose heat
transfer performance is tested and validated by scaled-down prototype
in our laboratory. We use LCA and TEA to estimate the environmental
performance and cost of an integrated EPCM heat exchanger and surface condenser system and compare them with those of wet cooling
tower (WCT) and ACC systems. To our knowledge [53–55], this is the
first LCA/TEA study of such a PCM-based polymer heat exchanger
technology.

Fig. 1. Schematic of (A) encapsulated phase change material (EPCM) heat exchanger; (B) air-cooled condenser (ACC); and (C) wet cooling tower (WCT) integrated in
power plant cooling.
3
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2. Materials and methods

is arranged in an A-frame configuration to increase the heat transfer
surface while maintaining the limited footprint, as demonstrated by the
dotted box in Fig. 1B. The exhausted steam rejects heat to ambient air
as it condenses to water while passing through the finned tubes. After
the steam is condensed by the A-frame finned-tube structure, it returns
to the boiler or heat exchanger to regenerate into superheated steam for
the turbine. An ACC is comprised of the following major equipment:
heat exchanger cores, a support structure, ducting, piping and valves,
air removal pump, mechanical equipment (e.g. gear motor, fan and
pump), and electrical control equipment.

LCA and TEA methods are used to evaluate the life cycle impact
assessment (LCIA) and economic metrics for three alternative power
plant cooling systems.
2.1. Goal and scope definition
We develop hybrid LCA models using International Organization for
Standardization (ISO) [56] methods for process LCA and economic input–output LCA [57] of three alternative power plant condensercooling systems. The functional unit is 1 kWh of electricity produced.
Previous literature on cooling systems in power plants [44–46] also
evaluated their environmental performance on the basis of electricity
production [58,59] rather than a measure related to the function of the
cooling systems. From a plant-scale perspective, the function of a power
plant is to produce electricity, therefore, the functional unit should be
each kWh of electrical energy generated by the power plant. However,
from the cooling system’s standpoint, its function is to provide a
pathway to transfer thermal energy, measured in kWth. For this reason,
we evaluate a second functional unit scenario that measures environmental metrics according to each kW of thermal energy transfer.
Prototype drawings for the three alternatives include the novel
EPCM system (Fig. 1A), a dry cooling ACC system, (Fig. 1B), and a
conventional wet cooling tower, WCT (Fig. 1C). Characteristics of the
three alternatives and their system requirements are summarized in the
next subsections. The system boundary for analysis includes the production and installation of all cooling equipment (cradle-to-gate), their
operation during power plant operation (gate-to-gate), and their end-oflife management (gate-to-grave). Section 2.2 elaborates on the processes inventoried over the life cycle.

2.1.3. WCT
A WCT is incorporated with a surface condenser as a fully functional
cooling system in a power plant (Fig. 1C). The exhaust steam from the
turbine rejects heat to the cooling water, which recirculates between
the surface condenser and the cooling tower. As the heat is rejected
from exhausted steam to the cooling water, the temperature of the
cooling water rises as it exits the surface condenser and circulates into
the WCT. Inside the cooling tower, the cooling water is sprayed, and
some water is vaporized to release heat in the form of latent energy.
Since large amounts of water evaporation occurs during heat rejection,
a large amount of supplemental water is needed to make up the evaporation loss. For a WCT, the major equipment includes tower structure, mechanical equipment (e.g. fan and pump), surface condenser,
piping and valves and electrical control equipment.
2.1.4. Modelled power plant.
A hypothetical natural gas combined cycle (NGCC) power plant
located in Chicago, Illinois with local weather conditions (Table 1) and
design characteristics (Tables 2–4) is used as a reference plant to test
the three alternative cooling systems. The reference plant has an electricity generation capacity factor of 85%, yielding an annual electricity
production of ~ 5,100,000 MWh, and an expected service of 25 years.
The cooling systems are designed to obtain comparable year-round
plant performance with design specifications for EPCM cooling system,
ACC and WCT summarized in Tables 2, 3, and 4, respectively. The
design specifications of WCT and ACC are based on available manufacturer data and local weather conditions to match approximately the
same plant net output at average weather condition.
The EPCM cooling system is designed to provide a similar or better
coefficient of performance (COP) and plant efficiency compared with
ACC under the same initial temperature difference (ITD) and ambient
condition. The plant-scale EPCM heat exchanger is designed based on a
thermodynamics model and validated by lab-scale prototype tests. Here
COP is defined as a ratio of the cooling load of the EPCM heat exchanger to the total power input to cooling system, which is the sum of
fan power, Wfan and pumping power, Wpump = m w gHL . The pumping
power is based on the water mass flow rate m w and head loss HL , which
is defined as HL = HL, cond + HL, HX + 2 , where HL, cond is the frictional
head loss in the condenser and HL, HX is the static head (height of the
EPCM heat exchanger). As the condensing water from the surface
condenser would be cooled by the EPCM and the heat absorbed by
EPCM would be eventually rejected to air at steady-state condition, we
can replace the numerator term of COP with the cooling load of the
condenser, Qcond , and obtaining Eq. (1). The power consumption would
include only the fan power for the ACC due to the direct cooling of
steam without utilizing a pump.

2.1.1. Novel EPCM heat exchanger
The novel dry cooling system utilizes EPCM to lower the temperature of cooling water exiting the surface condenser and indirectly cools
the steam exhausted from the turbine (Fig. 1A). The EPCM provides
temporary thermal storage that absorbs heat from water exiting the
surface condenser during the melting cycle and rejects heat to the fan
drafted air during the freezing cycle. An EPCM heat exchanger is sectioned into multiple modules with dampers and valves installed to
regulate the ambient air and water flow, so that there is no interference
between the air and water. The modularized EPCM structure, as demonstrated in Figure S1 in Supplemental Information, can easily accommodate maintenance activities required in case of PCM leakage and
long-term degradation. When the damper is closed and no air can pass
through the EPCM module, a water stream, electrically controlled by
the valve, cascades over the EPCM structure to engage the phase change
material (PCM) melting cycle. After the EPCM structure absorbs heat
and completes the melting cycle, the water stream is turned off by the
valve. Meanwhile the damper opens to allow ambient air to pass though
the EPCM structure, so that the PCM can reject heat to the air and
regenerate for the next cycle. The EPCM heat exchanger, demonstrated
by the dotted box in Fig. 1A, needs to cooperate with a surface condenser to fully functionalize the cooling system for a thermal electric
power plant. Therefore, the EPCM heat exchanger with surface condenser is described as the EPCM cooling system for power plants. As for
the EPCM cooling system, the major equipment contains support
structure, ducting and casing, encapsulated phase change material
structure, surface condenser, mechanical equipment (e.g. fan and
pump), piping and valves for the surface condenser and EPCM heat
exchanger, and electrical control equipment[35,60,61].

Table 1
Annual weather conditions of reference plant site at Chicago, Illinois.

2.1.2. ACC
An ACC relies on convective heat transfer to directly condense the
exhaust steam from the turbine, and its performance is governed by the
dry bulb air temperature [16]. The ACC has a finned-tube structure and

Annual operation breakdown
Dry bulb temperature, °C
Relative humidity

4

Summer

Average

Winter

15%
33.33
43%

70%
10.56
57%

15%
−1.67
67%
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Table 2
Design point of EPCM cooling system.

Plant net output, MWe
ITD, °C
Condenser circulating water flow rate, ton/hr
Condenser cooling duty, (EPCM cooling load),
MWth
Fan power, MWe
Pumping power, MWe
Coefficient of performance (Overall cooling
system)
Coefficient of performance (EPCM heat
exchanger)
Plant efficiency

Summer

Average

Winter

646
23.6
41,900
388.9

688
27.2
40,380
374

707
39.5
40,600
376

2.02
1.95
98

1.67
1.89
105

0.33
2.13
153

193

224

1,136

50.85%

52.60%

52.66%

The plant net efficiency, plant , is the ratio of net power output to the
energy input rate defined as
plant

Summer

Average

Winter

646
23.6
388.9
4.01
97
50.85%

687.4
27.5
375.8
4.04
93
52.55%

707
40.1
378
3
126
52.52%

Plant net output, MWe
Total plant fuel input, higher heating value, MWh
Condenser circulating water flow rate, ton/hr
Water evaporation loss, gpm
Water drift & blow down, gpm
Cooling load, MWth
Plant efficiency

Average

Winter

664
1,269
27,170
2425
606
378
52.3%

688
1,308
27,170
1722
430
377
52.59%

708.5
1,348
19,103
1371
343
380
52.57%

2W GT + WST

ITD = Tcond

Waux
Qfuel

(Wfan + Wpump)
(2)

Tair

(3)

To design an EPCM heat exchanger and have a fair comparison with
the existing dry cooling technology, the ITDs of EPCM heat exchanger
at different weather conditions are matched with the ITDs of ACC.
Taking advantage of evaporative cooling of water, the WCT consumes a large amount of water and offers the highest plant efficiency
compared with the dry cooling technologies for the summer condition.
When the dry bulb air temperature is high at summer weather, the WCT
takes advantage of evaporative cooling resulting in a lower wet bulb air
temperature to cool the condensing steam. Whereas a lower ITD at the
summer condition will have a higher cooling resistance for the dry
cooling technology. Therefore, the WCT can maintain a low condensation temperature and a higher power plant output compared with
the dry cooling technology at the summer condition summarized in
Table 4.
To design an EPCM heat exchanger, we experimentally investigate
heat transfer and pressure drop characteristics of different EPCM geometries at a component level [34]. With different EPCM tube

Table 4
Design point of the wet cooling tower.
Summer

=

where WGT is the power generated by the gas turbine, WST is the
power generated by the steam turbine, Waux is the auxiliary power
consumption (other than fan/pump), and Qfuel is the fuel input to the
gas turbines. Similar to COP for an ACC system, the Wpump in Eq. (2)
would be zero for an ACC system, as no pumping power is required.
WGT , WST , Waux and Qfuel are all dependent on condensation temperature,
Tcond , as the condensation temperature is correlated with the condensation pressure at the surface condenser. For the same amount of
heating input Qfuel , the turbine power WGT is higher when steam existing
the turbine condenses at a lower Tcond which leads to a lower turbine
back pressure and a higher efficiency of the Rankine cycle.
The ITD is hence an important design parameter for dry cooling and
is defined by the temperature difference between the condensation
temperature, Tcond , and the ambient air temperature, Tair , which follows

Table 3
Design point of air-cooled condenser.

Plant net output, MWe
ITD, °C
Cooling duty, MWth
Fan power, MWe
Coefficient of performance
Plant efficiency

(1)

COP = Qcond/(Wfan + Wpump)

Fig. 2. (A) A fully constructed 5 kW EPCM
heat exchanger prototype, (B) a zoomed-in
picture of the EPCM structure with four individual modules − one module absorbing
heat from condensing water and the other
three rejecting heat to the ambient air, and
(C) a schematic of the plant-scale EPCM heat
exchanger, designed based on the thermodynamics model validated by lab-scale prototype testing.

5

Applied Energy 271 (2020) 115227

L. Zhang, et al.

geometries, the correlation between air velocity and heat transfer
coefficients, and the correlation between air velocity and pressure drop,
are developed based on experiments. The configuration of the ECPM
tube array is then determined with optimal plate dimension and plateto-plate spacing to provide high heat transfer coefficients and low
pressure drop. A plant-scale EPCM heat exchanger is designed using a
thermodynamics model, based on experimentally determined heat
transfer coefficient and pressure drop correlations. A lab-scale EPCM
heat exchanger prototype, illustrated in Fig. 2, was constructed and
tested for the system-level performance. The model predicted heat
transfer performance of the plant-scale EPCM heat exchanger is validated by lab-scale prototype testing. The detailed design of the lab-scale
prototype, e.g., system dimensions and thermophysical properties of
PCM, as well as its heat transfer performance, is included in Figure S1
and Tables S1 and S2 of supplemental information.
For a plant-scale system, steady-state heat transfer is assumed such
that the cooling load at the surface condenser, Qcond , equals to the heat
transfer rate from the recirculated water existing the condenser to
EPCM heat exchanger, Qwater . The heat rejection rate from the temporally stored EPCM structure to air, Qair , needs to be the same as Qwater to
maintain steady-state condition, therefore, yielding

Qcond = Q water = Qair
by

where Ta, in and Ta, out are the air temperatures at the inlet and outlet the
EPCM heat exchanger respectively. Notice that the recirculated water is
being cooled by the EPCM structure, the Tw, in is higher than Tw, out .
Whereas the ambient air is cooling the EPCM structure, therefore, Ta, in is
lower than Ta, out . The melting temperature of phase change material is
then designed to be lower than the water inlet temperature to cool
water and higher than the air inlet temperature, so that the heat temporally stored at EPCM structure can be rejected.
The fan power consumed to cool the EPCM structure is quantified
by:

Pfan = PEPCM Vair Ac, air /

(4)

(5)

where Uwater is the overall heat transfer coefficient for the water to
melt the EPCM structure, which is dependent on the EPCM geometry
and water flow rate, and Awater is the EPCM surface area in contact with
the recirculated water. LMTDwater is the log mean temperature difference
on
the
water
side
given
by
(Tw, in Tw, out )/log((Tw, in Tpcm)/(Tw, out Tpcm )) , where Tw, in and Tw, out
are the inlet and outlet water temperatures of the EPCM heat exchanger
respectively, and Tpcm is the melting temperature of the phase change
material.
The heat rejection rate from the EPCM structure to air can be expressed in a similar way as:

Qair = Uair Aair LMTDair

(7)

Where PEPCM and Vair are the pressure drop and air velocity passing
across the EPCM structure. Ac , air is the cross-section area for the air to
pass through the heat exchanger, and the efficiency of the fan, fan is
assumed to be 85%.
Based on the design condition and thermodynamic model for the
plant-scale EPCM heat exchanger, the heat exchanger specification and
performance is noted in Table 2. The EPCM heat exchanger not only
decouples the air and water side heat transfer, but also consumes a
lower fan power compared with the ACC, as indicated in Tables 2 and 3,
due to highly porous EPCM structure that would result in less resistance
for the air flow. Therefore, from the heat exchanger perspective, which
considers the fan power consumption, the EPCM heat exchanger provides much better COP compared with ACC. From the cooling system
perspective, which considers both fan and pumping power, the EPCM
cooling system still offers similar or better COP performance as compared with ACCs.

The water heat transfer rate to the EPCM structure can be modeled

Qwater = Uwater Awater LMTDwater

fan

2.2. System framework for life cycle assessment and techno-economic
analysis
To evaluate the environmental and economic performance of the
three power plant cooling system alternatives, we use hybrid LCA and
TEA. Life cycle impact assessment (LCIA) metrics for water consumption and GHG emissions estimated via the 100-year global warming
potential (GWP) [62] are considered. Water usage is the main environmental design variable [44,46] for power plant cooling systems
and GWP is an indicator of climate change mitigation, which correlates
with energy consumption, both of which are significant metrics for
measuring the performance of technology to be invested. For water
usage, we investigated both water depletion and withdrawal over the
life cycle of the cooling system. Water depletion (or consumption),
defined as water removal from ground or surface sources that will not
be available for further use [2,3], is estimated using the ReCiPE [63]
midpoint characterization factor for each cooling system. Water

(6)

where Uair is the overall heat transfer coefficient for the air to cool
the EPCM structure, which is dependent on the EPCM geometry and air
velocity drafted by the fan, Aair is the EPCM surface area in contact with
drafting air, noting that the total surface area of EPCM structure is the
sum of Awater and Aair . LMTDair is the log mean temperature difference
on the air side given by (Ta, out Ta, in)/log((Ta, in Tpcm)/(Ta, out Tpcm )) ,

Fig. 3. Schematic representation of framework for LCA of cooling systems and TEA of power plant with different adopted cooling technologies, where EIO is the
economic-input–output model, GWP is a measure of the greenhouse gas emissions and LCOE is the levelized cost of energy.
6
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withdrawal quantifies the amount of water removed from the ground or
diverted from surface water for use [3,12], which we estimate using the
2002 Producer Price EIO-LCA [64,93].
TEA is used to inventory capital and operating cost data in order to
estimate the levelized cost of energy (LCOE) for each power plant
cooling alternative. Fig. 3 summarizes the analysis framework, including tools, inventory data and analysis metrics to be compared
among the three alternatives.

on waste management methods available for various types of materials.
[47] Asdrubali et al. [45] included an inventory of recycling, landfilling
and incineration, but excluded dismantling and transportation for
cooling system EOL management. Burkhardt et al. [44] inventoried the
energy required to demolish and transport the waste of the entire plant
and to recycle and re-manufacture the waste, but did not consider options to landfill or incinerate. The two previous studies considered some
common practices for retiring traditional WCT and ACC cooling systems. Like those studies, we assume that the WCT and ACC alternatives
are dismantled and recycled into secondary materials markets. Therefore, we cut off the LCA boundary at the end of the operational lifetime
when comparing the three alternatives but focus on resolving the waste
management of the EPCM materials.
We assume the EPCM material can be recycled upon retirement into
a polymer-PCM material for use in the heat exchanger industry.
Incinerating the EPCM is avoided due to the large amount of GHG
emission from combusting the carbon-rich materials, i.e. the HDPE
encapsulant and the paraffin-based PCM. Although the HDPE can be
recycled and reused in a closed-loop [72], segregating the phase change
material from high density polymer would be tedious and energy
consuming and thus was not considered. However, it is possible to recycle EPCM into useful products (open-loop) as suggested in prior research [49–51,73,74] that transforms the melted mixture of PCM and
HDPE polymers into a composite shape-stabilized PCM. The shapestabilized PCM is a composite material that utilizes the polymer as a
micro support matrix to enclose the PCM. It can retain its shape and
prevent PCM from leaking even when the phase change process occurs,
and has already been utilized in thermal energy storage [50,52,74] and
building temperature management applications [51].
A LCI model was constructed using GaBi 6.0 [75,96] to simulate the
process of transforming the EPCM into shape-stabilized PCM. We assume that all the EPCM is converted into a shape-stabilized PCM
without applying additional materials. The EPCM material, which is
comprised of 56.6 wt% PCM, well below the threshold of 75 wt% reported to cause leakage [49,50], is recycled and transformed to a fully
distributed PCM matrix ensuring no leakage occurs in the recycled PCM
product for buildings. The EPCM structure recycling process includes
(1) granulation, shredding the EPCM into granular mixture of proper
size, and (2) shape stabilization, uniformly dispersing the PCM into
supporting matrix material by melting and mixing the granular. The
energy for granulizing the EPCM is assumed to be 100 kJ/kg[76]. For
transforming the granulized mixture into shape-stabilized PCM the
energy is assumed to be 665 kJ/kg, which includes melting, mixing of
the granular and freezing the formed composite back to room temperature [51,73,74]. The GHG emission for the recycled product is
credited to the upstream EPCM materials, which reduces the cumulative emission over the EPCM cooling system life cycle. We examine the
EPCM scenario with a credit only when comparing alternative hybrid
EPCM systems.

2.2.1. Cradle-to-gate LCA of cooling systems
To evaluate the environmental impacts of manufacturing each
cooling system, both process LCA, following ISO 14,040 and 14,044
[56] in Simapro v8.4 [95] and economic-input–output (EIO-LCA)
methods are adopted. The system boundary for process LCA takes
specific material and energy inputs [65], and therefore the life cycle
inventory (LCI) reflects technology-specific processes [66]. Whereas the
system boundary of an economic-input–output [64] model is aggregated at the product supply chain, and the impact reflects an average
result but with higher uncertainty [67] from a specific industrial sector.
Since we primarily use Ecoinvent LCI data [68] to build the process LCA
model, the supply chain for manufacturing is expected to be detailed
and complete. Both process-LCA and EIO-LCA methods are used to
approximate a range of LCIA metrics for each cooling alternative. Detailed material and cost inventories for the process- and EIO-LCA model
are estimated based on the cooling system design parameters (Tables
2–4) and summarized in the supporting information (Tables S1-S6).
The process-based cradle-to-gate LCI models, include material inventories for extraction and transportation of major raw materials and
production of system components. The cradle-to-gate life cycle system
boundary for the EIO model includes the costs of extraction and
transportation of raw materials, and manufacturing the cooling system
components in 2017 U.S. dollars based on the North American Industry
Classification System (NAICS),[69] converted to 2002 U.S. dollars using
the Producer Price Index (PPI) published by the U.S. Bureau of Labor
Statistic [94]. The producer prices of each system component are calculated using Eqs. (8) and (9), where the PPIs for each system components are consistently taken from NAICS 2017:

PPIannual = 1/12

12
i=1

PPImonth, i

Price2002 = (PPI2002/PPI2002) Price2017

(8)
(9)

2.2.2. Operation stage of cooling systems and influence on upstream
production.
Water consumption varies depending on the cooling system [11,70]
and the geography of power plants [7,12]. For instance, water consumption in a WCT is mostly consumed during operation [44]. Therefore, the major impact considered for operating the cooling system
would be the water consumption. Different hybrid cooling EPCM systems, with the premise of allowable supplemental cooling percentage,
are designed to study the water consumption during the operational
stage and its influence on the upstream environmental impact. The
operational water consumption factor (WCF) of hybrid cooling EPCM
systems are compared with the dry cooling EPCM system, ACC and
WCT. Furthermore, the relation between the operational water consumption of each cooling system and its effect on the upstream process
is also studied. The degradation of PCM and encapsulation HDPE tubing
is expected to be negligible during the service life of the EPCM heat
exchanger, based on Zhang et al. [71] and Vahidi et al [33]. Therefore,
maintenance activity during operation is assumed to be minimal and
equivalent for each cooling system, and thus not compared in the LCA.

2.2.4. Life cycle impact assessment and functional unit scenario analysis
We estimate GWP and water withdrawal and depletion midpoint
LCIA metrics for the alternative cooling systems using process-based
and EIO-LCA inventories for the cradle-to-gate processes. We estimate
water depletion during power plant operation from design mass and
energy balances for each cooling technology. At EOL, we use a processmodel to estimate the credited GHG emissions and water consumption
and depletion for the EPCM recycling process. Previous studies have
investigated the environmental impact of the cooling system based on
the scale and function of the power plant [44,45], while the performance and environmental impacts on the cooling system basis is
overlooked. Therefore, we consider the functional unit (FU) not only
from the perspective of the entire power plant, i.e. per kWhe basis, but
also from the cooling system point of view, i.e. per kWth basis.

2.2.3. The end of life of EPCM cooling systems: Waste management and
modeling method.
The environmental impact at the end-of-life (EOL) strongly depends
7
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2.3. Techno-economic analysis of power plant with different adopted
cooling technologies

3. Results and discussion
The LCA results for cradle-to-gate production, operation, and endof-life management stages are described individually and including the
whole life cycle, followed by the TEA results. We evaluate GHG and
water metrics according to size of each cooling alternatives and present
life cycle and levelized cost metrics on the basis of the functional unit:
each MWh electricity produced.

To evaluate the economic viability of the EPCM cooling technology
and compare it to existing alternatives [77], a techno-economic analysis
is performed on the reference power plant with different adopted
cooling technologies. The LCOE [78–81], which represents the permegawatt hour cost of building and operating a generating plant over a
financial life and duty cycle, is a widely used metric for understanding
investment decisions among alternative equipment purchases in the
power production industry. The LCOE is broken down into the following four sub-categories [82]: 1. capital cost of the entire power
plant; 2. fuel cost, 3. fixed operation and maintenance cost, and 4.
variable operation and maintenance cost. All costs are amortized uniformly into annual cost and normalized by annual electricity production to obtain the LCOE. The total capital cost covers the engineering,
materials procurement, construction and financing of the entire power
plant, and is financed into 20, 35 and 45% for each construction year
with 7% of interest rate of debt. Therefore, the total financed capital
cost at present value can be calculated using Eq. (10), where Ccapital is
the total capital cost and Cfinanced is the total financed capital cost. The
cost of fuel is assumed to be $3.3/GJ [83] with a total escalation rate of
3% every year. The fixed operation and maintenance (fixed O&M) cost
of each year is assumed to be omfixed = 3% of the total capital cost and is
escalating every year. Lastly, the variable operation and maintenance
(variable O&M) cost comprises the base operation and maintenance
cost for the cooling system and additional cost related to water consumption rate, where both costs are escalating every year. The water
consumption rate, wcr , strongly depends on the cooling technology
applied. Hence, the total present value costs of fuel, fixed O&M and
variable O&M throughout the power plant book life can be calculated
with Eqs. (11), (12) and (13) respectively. Table 5 summarizes cost
parameters used in Eqs. (10)-(13).
3

Cfinanced =
FC =

25
n=1

OMfixed =
OMvar =

j=1

Ccapital (1 + oc + d) bj

FCbase/
25
n= 1

25
n=1

plant

(eg + efuel )n

Ccapital omfixed egn

(OMvar , base + wcr WC ) egn

3.1. Cradle-to-gate life cycle impact assessment of cooling systems
3.1.1. Upstream GHG emissions and components contribution.
Base case GHG emissions for the three alternative power plant
cooling systems (Fig. 4) suggest comparable environmental performance among the technologies, with each ranging between 5,800 and
5,900 ton GHG with the ACC system having the smallest uncertainty
range.
As the method and often system boundary of a process-based LCA
and EIO-LCA are different, predicted environmental impacts are expected to deviate but should be within the same order of magnitude.
Given that we consistently use Ecoinvent [85] process LCA data, differences between results generated by the two methods are small and
are expected to be due to differences in process inputs assumed [86].
Therefore, the total GHG emission due to production is presented as the
average value predicted by the two approaches and is represented by
the colored bars in Fig. 4. The error bar represents the prediction difference between the process-based (modeled in SimaPro) and EIOLCA
model. The EIOLCA model predicts consistently higher GHG emissions
compared to SimaPro by 10% for the EPCM cooling system and 13% for
the WCT. As the prediction discrepancy between the two models is
larger for the EPCM cooling system and wet cooling tower, the average
predicted GHG emissions are higher for these two cooling systems.
However, the actual production stage GHG emissions for these two
cooling systems may be much lower than average values predicted by
the more technology-specific process-based modeling using Ecoinvent
data (lower bound), being 5620 ton for EPCM cooling system and 5,440
ton for wet cooling tower.
The contribution analysis (Fig. 4 pie charts) shows that for the
EPCM dry cooling system, the HDPE tubing and paraffin are the materials comprising encapsulated phase change material, which occupies
46.7% of the total system weight. Furthermore, paraffin and HDPE are
both derived from crude oil feedstock, and thus their upstream burdens
are associated with extraction and processing, which contributes up to
37% of the total GHG emission. In an ACC system, the major emission is
due to the heat exchanger core and support structure, which takes more
than 55% of the total emission. Manufacturing the finned-tube heat
exchanger core involves a large amount of metal processing of carbon
steel and aluminum, and additionally demands solid supports for the
heavy metal heat exchanger cores. The heat exchanger core and support

(10)
(11)
(12)
(13)

The present values of four cost sections are amortized over 25 years
to obtain the uniform annuity using a discount rate of 7% and a general
escalation rate of 3%. The levelized cost of energy for each section can
then be calculated by dividing the uniform annuity with annual electricity generation of the power plant.
Table 5
Economic analysis criteria for the LCOE.

Discount Rate
Owners Costs
Interest on Debt
Plant Book Life
General Escalation

Fuel Escalation Rate (On top of general escalation)

Symbol

Value

i
oc
d
n
eg

7%
10%
7%
25 years
3%
0%

efuel

Finance of Construction Period

bj = 1,2,3

Fuel Costs, HHV
Power plant efficiency

FCbase

Based variable O&M Cost
Water Cost (On top of variable cost)

OMvar , base
WC

Year 1: 20%
Year 2: 35%
Year 3: 45%
$3.3/GJ [83]
plant , EPCM = 52.36%

plant

8

$1.5/MWh [83]
$0.44/ kL [83,84]

plant , ACC

= 52.29%

plant , WCT

= 52.56%
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Fig. 4. Comparison between cooling systems’ cradle-to-gate GHG emissions and component attributions. Color bars represents average results of the two models for
total GHG emission, and error bars are the upper and lower bound projected either by process or EIO models. Pie charts are the GHG emission of the components for
each cooling system.

structure occupy 66% of the system weight and contributes to the
majority of GHG emissions. In a WCT, even though the weight of the
cooling tower structure takes up to 26% of the total system weight, it is
responsible for more than 56% of the GHG emissions. This is due to
extensive GHG emissions during the fiber reinforced plastic production
process, which is the major material applied for the cooling tower
structure.
Although the contribution of components to GHG emission are
comparable between process-LCA and EIOLCA methods, as demonstrated in the pie charts in Fig. 4, there are prediction differences for
some system components, which leads to the total emission difference

between the two models. It is more obvious when comparing the total
emission predictions of the two models for the EPCM and wet cooling
systems, and it is also reflected by the larger error bars for the two
systems (Fig. 4). This is mainly due to the prediction differences in the
electrical control equipment and surface condenser components for the
EPCM cooling system and WCT. The process-LCA model predicts 1817
tons of GHG emissions for these components in a wet cooling tower,
while the EIOLCA estimates 2415 ton. Therefore, these two components
contribute a difference of ~ 598 tons of GHG emission, while the total
difference between the two methods is 720 ton.
9
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Fig. 5. Total upstream water depletion and withdrawal are represented by the bar charts, and water depletion breakdown due to the cooling system components is
illustrated by the pie charts.

3.1.2. Upstream water depletion and withdrawal and components
contribution.
The bar charts in Fig. 5 summarize water depletion and withdrawal
for upstream processes for each cooling system, indicating that the
EPCM dry cooling system consumes the least amount of water during
manufacturing, whereas the water withdrawal and depletion for manufacturing the WCT is highest among the three technologies. Although
the ACC has the lowest amount of water withdrawal, the water depleted
out of withdrawal is 27.3%, the highest compared to 14.9% and 15.3%
for EPCM dry cooling system and wet cooling tower respectively.
Therefore, the EPCM dry cooling system is more water conserving in the
upstream process, not only because it consumes the least amount of
water, but also it has the lowest ratio of the water depleted to water
withdrawn.
For the EPCM dry cooling system, more than 45.5% of the water
depletion (Fig. 5, pie chart) is due to condenser, piping and valve

manufacture. In the ACC system, the major water consuming processes
are due to manufacturing the support structure and the heat exchanger
core, which takes up to 54.5% of total water depletion. The cooling
tower envelope and condensers and its piping and valves consume
58.5% and 32% out of the total water in the upstream process, respectively for the WCT system. The components of the three cooling
systems made of metal structure, i.e. surface condenser and its piping
and valves for an EPCM cooling system or a wet cooling tower, heat
exchanger core and support structure for an ACC, comprise a large
percentage of the total depleted water. Furthermore, the fabrication of
the cooling tower envelope using fiber reinforced plastic is also a very
water consuming process. The use of polymeric materials in the EPCM
heat exchanger requires much less water, thus reducing water depletion, compared to the alternative systems comprised of metal.

10
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3.2. Operational life water consumption and GWP

drastically as the water consumption during operation increases. Furthermore, all the upstream water depletion of EPCM cooling systems
are lower than the existing cooling technologies.
Consequently, considering the water consumption during operation
and its influence on the environmental impacts upstream, the dry and
hybrid EPCM cooling system would be a very attractive water conserving and cost-effective cooling technology.

The water consumption of a power plant is determined by the plant
site location, i.e. local weather condition and access to water resources,
and the cooling technology applied to the power plant [7,87]. A wet
cooling tower combined with a NGCC power plant consumes 114 to
1900 L/MWh water to generate each MWh of electricity [7,8,11,12,88].
Evaporation is the major cause of water consumption in WCT systems,
and accounts for 80% of the total water loss by design (Table 4). The
water loss per MWh electricity generated during summer, average and
winter weather conditions are 833, 568 and 454 L/MWh, respectively.
For the ACC system, the water consumption for cooling is an order of
magnitude smaller [12,13,70,87] than the WCT system, and is hence
assumed to be negligible.
As for the EPCM cooling system, its operation consists of 100% dry
cooling, implying there is no water loss during operation. However, in
actual lab-scale EPCM heat exchanger prototype testing, we found that
evaporative water consumption occurs. When heat transfer due to
evaporation of condensing water occurs, it decreases the temperature of
the condensing water such that this amount of heat transfer is considered as supplemental cooling instead of heat loss. Thus, we generated different water consumption scenarios for hybrid EPCM cooling
systems, whose supplemental cooling is controlled within 30% of the
total heat transfer to satisfy design specifications required by stakeholders, while maintaining the overall power plant efficiency. The
water evaporated from EPCM heat exchanger to generate one MWh
electricity is scaled to 10, 20 and 30% of wet cooling tower’s water
consumption per MWh at average weather condition, demonstrated by
Table 6. Following the thermodynamic model, the supplemental
cooling due to water evaporation increases, and the required phase
change material decreases.
As the required volume of PCM decreases and the size of EPCM heat
exchanger decreases, the GHG emission, total equipment cost, water
depletion and withdrawal due to upstream processes in the EPCM
cooling system also decline. Fig. 6 illustrates the influence of water
evaporation at the operational stage on upstream processes. The hybrid
EPCM cooling systems 2, 3, 4 reduce the upstream GHG emission by
8.5%, 11.8% and 15.3% (Fig. 6a), respectively compared with the
ECPM dry cooling system, while retaining a low operational water
consumption compared with WCT. Although the EPCM dry cooling
system has the highest upstream GHG emission, low water consumption
during operation reduces the size of EPCM cooling systems, and hence
reduces the GHG emission significantly.
In terms of influence on the equipment costs of cooling systems
(Fig. 6a), the WCT system has the lowest production cost among the
three systems. However, its operational water consumption is much
higher than the zero-water loss dry cooling technologies. Considering
the dry cooling systems alone, the equipment cost of an EPCM dry
cooling system is 11.6% lower than the ACC system. The hybrid EPCM
designs 2, 3 and 4 reduce capital equipment cost by 6.8%, 9.4% and
11.5% compared with the EPCM dry cooling system. As for their influence on upstream water consumption and withdrawal, the EPCM
designs 2, 3 and 4 consume 6.7%, 9.2% and 11.4% less water than the
EPCM dry cooling system, and decrease the withdrawal by 7.4%, 39.4%
and 40.0% respectively. Although the upstream water withdrawal of
EPCM design 1 and 2 are higher than that of the ACC, it decreases

3.3. EPCM cooling systems end-of-life management
The EPCM material can be recycled and transformed into thermal
storage product, to which a credit is applied to the EPCM system at the
end-of-life. Although recycling the EPCM consumes and emits additional energy and GHGs, the carbon embodied in the EPCM upstream is
recovered and fully converted into shape-stabilized PCM. Using data
surveyed from literature on shape-stabilized PCM preparation process
[51,73,74], we estimated the energy consumption and GHG emissions
for recycling the EPCM using a process model constructed in Gabi 6.0.
The recycling process emits 0.15 kg CO2 eq. to transform 1 kg EPCM into
shape-stabilized PCM, whereas the upstream EPCM production process
emits 1.52 kg CO2 eq./kg of EPCM. Therefore, the EPCM recycling
process will recover ~ 1.37 kg CO2 eq. by transforming 1 kg of EPCM
material into shape-stabilized PCM. Hence the recoverable GHG at the
EPCM cooling system’s end of life is represented by grey columns in
Fig. 7. For each design of the EPCM cooling system, the total amount of
GHG credited varies depending on the weight of EPCM structure. Since
the EPCM 1 is a dry cooling system and requires large amount of EPCM
structure, the GHG credited will be the highest compared to the hybrid
cooling systems 2, 3 and 4. The cumulative life cycle GHG emission
includes emissions of upstream production, operation and end-of-life
management. As we assumed the maintenance for the cooling systems
is not required over the 25-year of lifetime and the system boundary
only considers the cooling systems for the operation phase, the GHG
emission during the operation is zero during the operation of each
EPCM cooling systems. The cumulative emission over the life span reduces due to the GHG credited by the EPCM recycling process at the end
of life (Fig. 7).
3.4. Functional unit scenarios analysis over the life cycle
We evaluate the GWP and water consumption metrics for alternative cooling systems according to two functional units, first with
respect to power generation on the basis of each MWhe produced and
second, according to the cooling capacity in kWth. The plant-scale GWP
and water depletion over the life cycle is demonstrated in Fig. 8 a) and
b) respectively. The GHG emission at operation stage is negligible, as
the maintenance is assumed to be minimum. To be conservative for
applying credits for EPCM recycling process, we cut off the LCA
boundary at the end of the operational lifetime when comparing the
alternatives.
3.4.1. Plant-scale FU
The GWP on a plant-scale basis for ACC, EPCM dry cooling system
(EPCM1) and a wet cooling system are 1.14, 1.16 and 1.13 kg CO2 eq./
MWhe respectively. The small difference of these three cooling systems
in plant-scale functional unit is resulted from small difference of total

Table 6
EPCM heat exchanger designs: dry cooling and hybrid cooling heat exchangers.
EPCM designs

Water consumption ratio of EPCM/
WCT

Water consumption rate during operation
(10-1 × L/MWh)

Ratio of supplemental cooling/total heat
transfer

PCM volume(m3)

1
2
3
4

0
10%
20%
30%

0
6
11
15

0
10%
21%
30%

1008
851
795
745
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Fig. 6. Operational water loss and its effects on (a) GHG emission and equipment cost, (b) water consumption and depletion of cooling system equipment at cradle-togate life cycle.

Fig. 7. Process-based GHG emission and for EPCM dry and hybrid cooling systems over the life cycle.

GHG emissions and large power production from the plant. Comparing
these data with previous reported systems, wet- and dry-cooled thermal
energy storage system in a concentrated solar power (CSP) plant was
investigated by Burkhardt et al. [44], and the GWP over the life cycle is
4.3 and 4.5 kg CO2 eq./MWhe respectively. Asdrubali et al. [45] independently studied a WCT, traditional ACC and a modularized-ACC in
a CSP plant, and the GHG emission over the life cycle is 0.36, 3.3 kg and

2.5 kg CO2 eq./MWhe. This implies that not only the cooling technologies may affect the plant-scale based GHG emission, but also the
method of power generation plays an important role. The two gas
turbines and one steam turbine allow the referenced 688 MW NGCC
plant to reach a plant efficiency above 50% [89], and the cooling
system is only designed to cool the exhaust from the steam turbine.
Whereas the peak efficiency of a parabolic trough CSP plant can only
12
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Fig. 8. Plant-scale FU analysis of (a) GWP and (b) Water depletion for upstream and operation of each cooling system.

fall in a range of 30–40% [90,91], and the cooling system is designed to
cool the water-steam or molten salt heated up by solar power. In other
words, a cooling system designed for a NGCC power plant is more efficient and emits fewer greenhouse gases during production than one
that is designed for a same scale CSP plant.
WCF measures the water consumed per total annual power production respectively, which is often reported for the power plant operation [12,13], but rarely reported for the upstream process of the life
cycle [11]. In this study, we report water consumption factors for both
the upstream process and operation, demonstrated in Fig. 8(b). The

water consumption factors at upstream and operation are 9.5 and 0 L/
MWh for the EPCM dry cooling system, 13 and 0 L/MWh for the ACC
system, 13.4 and 568 L/MWh for the WCT system, respectively.
Therefore, the GWP of different systems vary largely not only due to
the cooling technology applied, but also the power generation method
and plant scale. Water consumption factor is affected by both the operation and upstream of the system and is largely affected by operational phase.

Fig. 9. LCOE breakdown comparison for each cooling system.
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3.4.2. Cooling system-scale FU
From a cooling system function standpoint, the upstream GHG
emissions based on the function of the cooling capacity of the heat
exchanger are 15.3 kg CO2 eq./kWth for ACC, 15.7 kg CO2 eq./kWth for
EPCM cooling system, and 15.3 kg CO2 eq./kWth for WCT. While comparing the dry cooling systems in power plants reported independently
by Burkhardt et al. [44] and Asdrubali et al. [45], we calculated 16.5 kg
CO2 eq. /kWth for the dry-cooled thermal energy storage systems, respectively based on Burkhardt’s report and 13.1 and 9.9 kg CO2 eq.
/kWth for the traditional ACC and modularized-ACC, respectively based
on the results from Asdrubali et al. The FUs based on function of cooling
system are comparable and reflect the state-of-art for cooling system
production.
When examining water consumption at upstream and operation for
the same cooling load, the EPCM dry cooling system consumes 128 and
0 L/kWth, while the ACC system consumes 175 and 0 L/kWth and the
WCT system consumes 182 and 7690 L/kWth for the upstream and
operation respectively. Compared with the plant-scale functional unit
WCF, the difference between the cooling systems for functional unit on
a cooling system basis is more magnified and thus more sensitive in
evaluation. Whereas the WCF are based on the annual production of the
power plant, and the water usage is averaged out by the annual electricity production for a large power plant, leading to a smaller difference between the cooling technologies.
The environmental performance of cooling technology depends on
the functional unit chosen. Here the magnitude of GWP and water
withdrawal depends on the cooling capacity and size of power plant.
Therefore, when evaluating the LCA of a cooling system, the system
boundary should be isolated and studied independently.

systems, while the overall LCOE of wet cooling tower is 1.2% and 1.5%
higher than the ACC and EPCM dry cooling system, respectively. Although the size and capital cost of a cooling system can be reduced by
increasing operation-phase water consumption, the total LCOE is penalized due to the increase of total water cost. This is because the capital cost of the cooling system only takes up to 4–5% of total capital
cost of the entire power plant, which makes its contribution to the total
LCOE even smaller.
The LCOE results illustrated by Fig. 9 indicate that the water cost
can influence the overall LCOE significantly. The water cost is based on
the assumption of 50% of free surface water and 50% of municipal
water, yielding a nation-wide average water price for power plant
cooling of $0.44/kL [83]. However, water costs vary significantly depending on the source of cooling water [19,92] and regional factors
[10,84]. Therefore, we selected two different costs of water in Illinois to
better understand the effect of the water price on the overall LCOE,
based on the same assumption of 50% free surface water and 50% of
municipal water. The municipal water at Naperville prices at $1.57/kL
[84], yielding an overall cooling water price of $0.78/kL, while Decatur
has a lower municipal water price of $0.71/kL [84], giving an overall
cooling water price of $0.35/kL.
Fig. 10 shows that the water cost has a strong influence on the total
LCOE, as the water consumption of cooling system increases. Since we
assume no water loss for the ACC and the EPCM dry cooling system, the
water price would not affect the overall LCOE, as indicated by the ACC
and EPCM 1.
4. Conclusions
Reducing water consumption in the power generation sector is urgent due to increasing demands for both energy and limited water resources. The most widely used commercial dry cooling technology, the
air-cooled condenser, having a high manufacturing cost and low power
production efficiency has spurred the development of alternative dry
cooling technology. We show a novel EPCM cooling system design
consumes less fan power and provides better power plant efficiency
compared with state-of-the-art ACC systems.
Although the upstream GHG emission for the base design scenarios
of the three cooling technologies (i.e., wet cooling, conventional ACC,
and EPCM cooling systems) do not vary significantly, the environmental performance during operation and over the life cycle of the
EPCM heat exchanger is better, considering that more than 20% of the
emission are due to the production of additional cooling system, i.e.,
the condenser and its valves, and piping. Furthermore, the plant-scale
FU life cycle metric (Fig. 8 b) shows that the dry EPCM cooling system

3.5. LCOE comparison: Wet cooling tower, ACC, dry and hybrid EPCM
cooling systems
The LCOE (Fig. 9) is estimated according to the portions of fuel cost,
capital cost and fixed and variable operation and maintenance costs for
the cooling system alternatives. The small difference in total LCOE for
the compared cooling systems is due to the incremental cost of the
cooling system compared with other plant components. The total LCOE
is largely comprised of the fuel cost, which reflects on the power generation efficiency. The NGCC installed with WCT combusts fuel more
efficiently for each MWh of electricity compared with EPCM and ACC
cooling systems, which are designed at a similar plant efficiency. Although the WCT has a lower fuel cost, its overall LCOE is higher due to
the higher water consumption in variable O&M costs. The variable O&
M cost of a wet cooling tower is 29.3% higher than the dry cooling

Fig. 10. Water costs at two locations and effect on total LCOE.
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utilizes water more efficiently during the upstream process, which
consumes 37% and 42% less than the ACC and wet cooling tower respectively. For the operational stage of the systems, we also investigated EPCM hybrid cooling systems with various water consumption designs during the operation and compare the environmental
impacts on the upstream process. The EPCM hybrid cooling systems,
with the premise of minimal water consumption during operation, can
enhance heat transfer performance and hence reduce the size of the
heat exchanger. Therefore, the environmental impact of the upstream
process is also reduced for these hybrid systems.
We argue that if the encapsulated phase change materials can be
recycled and transformed into shape-stabilized PCM for use in building
thermal energy storage and temperature management purposes, the
GHG emissions impact at EOL is small.
The techno-economic analysis provides an evaluation of the feasibility of this novel technology. By comparing the LCOEs of several
EPCM cooling system designs to existing cooling technologies, we show
possible cost savings when investing in EPCM relative to current (ACC)
dry cooling technology. Finally, the EPCM hybrid cooling systems not
only reduce the operational water consumption but are more economical relative to the wet cooling technology, suggesting a strong case for
considering EPCM hybrid systems for expanding power generation
markets.

[8] Feeley T, Skone T, Stiegel G, McNemar A, Nemeth M, Schimmoller B, et al. Water: A
critical resource in the thermoelectric power industry. Energy 2008;33:1–11.
https://doi.org/10.1016/j.energy.2007.08.007.
[9] Stillwell AS, Webber ME. Geographic, technologic, and economic analysis of using
reclaimed water for thermoelectric power plant cooling. Environ Sci Technol
2014;48:4588–95. https://doi.org/10.1021/es405820j.
[10] Maulbetsch JS, DiFilippo MN. Cost and value of water use at combined-cycle power
plants: CEC-500-2006-034. California Energy Commission 2006. https://doi.org/
10.1021/ie070009a.
[11] Fthenakis V, Kim HC. Life-cycle uses of water in U.S. electricity generation. Renew
Sustain Energy Rev 2010;14:2039–48. https://doi.org/10.1016/j.rser.2010.03.008.
[12] Macknick J, Newmark R, Heath G, Hallett KC. Operational water consumption and
withdrawal factors for electricity generating technologies: a review of existing literature. Environ Res Lett 2012;7:1–10. https://doi.org/10.1088/1748-9326/7/4/
045802.
[13] Lee U, Han J, Elgowainy A. Energy Systems Division Report: Water Consumption
Factors for Electricity Generation in the United States 2016:1–28https://greet.es.
anl.gov/files/wcf-2016.
[14] Macknick J, Nettles-Anderson S, Heath G, Meldrum J. Life cycle water use for
photovoltaic electricity generation: a review and harmonization of literature estimates. Environ Res Lett 2013;8:1–18. https://doi.org/10.1109/PVSC.2014.
6925190.
[15] Torcellini P, Long N, Judkoff R. Consumptive Water Use for U.S. Power Production
Consumptive: NREL/TP-550-33905. U.S. Department of Energy; 2003.
[16] Conradie AE, Kröger DG. Performance evaluation of dry-cooling systems for power
plant applications. Appl Therm Eng 1996;16:219–32. https://doi.org/10.1016/
1359-4311(95)00068-2.
[17] Mortensen K. Improved Performance of an Air Cooled Condenser (ACC) Using SPX
Wind Guide Technology at Coal-Based Thermoelectric Power Plants:
DEFC2606NT06549. U.S. Department of Energy & Office of Scientific and Technical
Information; 2011.
[18] Zhai H, Rubin ES. A techno-economic assessment of hybrid cooling systems for coaland natural-gas-fired power plants with and without carbon capture and storage.
Environ Sci Technol 2016;50:4127–34. https://doi.org/10.1021/acs.est.6b00008.
[19] Davis G, Selkowitz S, Brook M. Comparison of Alternate Cooling Technologies for
California Power Plants Economic, Environmental and Other Tradeoffs. EPRI &
California Energy Commission; 2003.
[20] Turchi CS, Wagner MJ, Kutscher CF. Parabolic Trough CSP- Summary Results from
Worley Parsons’ Analyses: NREL/TP-5500-49468. U.S. Department of Energy &
Office of Scientific and Technical Information; 2010.
[21] Zhai H, Rubin ES. Performance and cost of wet and dry cooling systems for pulverized coal power plants with and without carbon capture and storage. Energy
Policy 2010;38:5653–60. https://doi.org/10.1016/j.enpol.2010.05.013.
[22] Pacific Northwest Laboratory. Comparative Cost Study of Four Wet / Dry Cooling
Concepts that Use Ammonia as the Intermediate Heat Exchange Fluid: EY-76-C-061830. U.S Department of Energy; 1978.
[23] Deng H, Boehm RF. An estimation of the performance limits and improvement of
dry cooling on trough solar thermal plants. Appl Energy 2011;88:216–23. https://
doi.org/10.1016/j.apenergy.2010.05.027.
[24] Joardar A, Jacobi AM. Heat transfer enhancement by winglet-type vortex generator
arrays in compact plain-fin-and-tube heat exchangers. Int J Refrig 2008;31:87–97.
https://doi.org/10.1016/j.ijrefrig.2007.04.011.
[25] Benn SP, Poplaski LM, Faghri A, Bergman TL. Analysis of thermosyphon/heat pipe
integration for feasibility of dry cooling for thermoelectric power generation. Appl
Therm Eng 2016:358–74. https://doi.org/10.1016/j.applthermaleng.2016.05.045.
[26] Furlong J, Phillis J, Lehman D. Patent: Thermosyphon coolers for cooling systems
with cooling towers. US Pat., 2011/ 0289951 A1; 2011.
[27] Promoppatum P, Yao SC, Hultz T, Agee D. Experimental and numerical investigation of the cross-flow PCM heat exchanger for the energy saving of building HVAC.
Energy Build 2017;138:468–78. https://doi.org/10.1016/j.enbuild.2016.12.043.
[28] Devaux P, Farid MM. Benefits of PCM underfloor heating with PCM wallboards for
space heating in winter. Appl Energy 2017;191:593–602. https://doi.org/10.1016/
j.apenergy.2017.01.060.
[29] Zhang P, Ma ZW, Wang RZ. An overview of phase change material slurries: MPCS
and CHS. Renew Sustain Energy Rev 2010;14:598–614. https://doi.org/10.1016/j.
rser.2009.08.015.
[30] Delgado M, Lázaro A, Mazo J, Zalba B. Review on phase change material emulsions
and microencapsulated phase change material slurries: materials, heat transfer
studies and applications. Renew Sustain Energy Rev 2012;16:253–73. https://doi.
org/10.1016/j.rser.2011.07.152.
[31] Xu B, Bhagwat S, Xu H, Rokoni A, McCarthy M, Sun Y. System-level analysis of a
novel air-cooled condenser using spray freezing of phase change materials. Appl
Therm Eng 2018;131:102–14. https://doi.org/10.1016/j.applthermaleng.2017.11.
145.
[32] Shabgard H, Hu H, Boettcher PA, McCarthy M, Sun Y. Heat transfer analysis of PCM
slurry flow between parallel plates. Int J Heat Mass Transf 2016;99:895–903.
https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.020.
[33] Vahidi S, Schruba E, Sun Y, McCarthy M, Hsuan YG. A new test setup for testing
polyethylene tubes under constant and cyclic internal pressures. Plast Eng
2018:32–7. https://doi.org/10.1002/j.1941-9635.2018.tb01828.x.
[34] Kurtz JA. Component Enhancement and Performance Evaluation of a Rotary Heat
Exchanger Utilizing Phase-Change Material. Drexel University; 2018.
[35] Sun Y, McCarthy M, Cho YI, Boettcher P, Hu H, Shi B, et al. Patent: Systems and
methods of using phase change material in power plants. US Pat., 2017/0003079
A1; 2017. https://doi.org/10.1016/j.(73).
[36] Jungbluth N, Bauer C, Dones R, Frischknecht R. Life cycle assessment for emerging

CRediT authorship contribution statement
Lige
Zhang:
Conceptualization,
Methodology,
Software,
Investigation, Validation, Writing - original draft. Sabrina Spatari:
Conceptualization, Methodology, Writing - review & editing,
Supervision. Ying Sun: Conceptualization, Methodology, Writing - review & editing, Supervision.
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.
Acknowledgements
This work was funded by the Advanced Research Projects AgencyEnergy (ARPA-E), U.S. Department of Energy, under contract number
DE-AR0000572.
Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apenergy.2020.115227.
References
[1] Intergovernmental Panel on Climate Change. Climate Change 2014 Mitigation of
Climate Change. Cambridge University Press; 2014.
[2] Molden D. Accounting for water use and productivity. Syst Initiat Water Manag
1997;1:1–16.
[3] Kenny JF, Barber NL, Hutson SS, Linsey KS, Lovelace JK, Maupin Ma. Estimated Use
of Water in the United States in 2005. U.S. Department of the Interior & U.S.
Geological Survey; 2009. https://doi.org/http://dx.doi.org/10.3133/cir1405.
[4] International Energy Agency. Water for Energy: Is energy becoming a thirstier resource? World Energy Outlook 2012. https://doi.org/10.1787/weo-2012-en.
[5] Pan S-Y, Snyder SW, Packman AI, Lin YJ, Chiang P-C. Cooling water use in thermoelectric power generation and its associated challenges for addressing waterenergy nexus. Water-Energy Nexus 2018;1:26–41. https://doi.org/10.1016/j.wen.
2018.04.002.
[6] Shuster E. Estimating Freshwater Needs to Meet Future Thermoelectric Generation
Requirements: DOE/NETL-2011/1523. Department of Energy: U.S; 2011.
[7] Peer RAM, Kelly TS. Characterizing cooling water source and usage patterns across
US thermoelectric power plants: a comprehensive assessment of self-reported
cooling water data. Environ Res Lett 2016;11:1–11. https://doi.org/10.1088/17489326/aa51d8.

15

Applied Energy 271 (2020) 115227

L. Zhang, et al.

[37]

[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]
[63]

technologies: Case studies for photovoltaic and wind power. Int J Life Cycle Assess
2005;10:24–34. https://doi.org/10.1065/lca2004.11.181.3.
Deutz S, Bongartz D, Heuser B, Kätelhön A, Schulze Langenhorst L, Omari A, et al.
Cleaner production of cleaner fuels: Wind-to-wheel-environmental assessment of
CO2-based oxymethylene ether as a drop-in fuel. Energy Environ Sci
2018;11:331–43. https://doi.org/10.1039/c7ee01657c.
Ciliberti C, Jordaan SM, Smith SV, Spatari S. A life cycle perspective on land use and
project economics of electricity from wind and anaerobic digestion. Energy Policy
2016. https://doi.org/10.1016/j.enpol.2015.11.015.
Mann M, Spath P. A life cycle assessment of biomass cofiring in a coal-fired power
plant. Clean Prod Process 2001;3:81–91. https://doi.org/10.1007/s100980100109.
Zhang Y, McKechnie J, Cormier D, Lyng R, Mabee W, Ogino A, et al. Life Cycle
Emissions and Cost of Producing Electricity from Coal, Natural Gas, and Wood
Pellets in Ontario, Canada Life Cycle Emissions and Cost of Producing Electricity
from Coal, Natural Gas, and Wood Pellets in Ontario, Canada. Environ Sci Technol
2010;44:538–44. https://doi.org/10.1021/es902555a.
Maraver D, Sin A, Sebastián F, Royo J. Environmental assessment of CCHP (combined cooling heating and power) systems based on biomass combustion in comparison to conventional generation. Energy 2013;57:17–23. https://doi.org/10.
1016/j.energy.2013.02.014.
Yang B, Wei YM, Hou Y, Li H, Wang P. Life cycle environmental impact assessment
of fuel mix-based biomass co-firing plants with CO2 capture and storage. Appl
Energy 2019;252.. https://doi.org/10.1016/j.apenergy.2019.113483.
Björnebo L, Spatari S, Gurian PL. A greenhouse gas abatement framework for investment in district heating. Appl Energy 2018. https://doi.org/10.1016/j.
apenergy.2017.12.003.
Burkhardt JJ, Heath GA, Turchi CS. Life cycle assessment of a parabolic trough
concentrating solar power plant and the impacts of key design alternatives. Environ
Sci Technol 2011;45:2457–64. https://doi.org/10.1021/es1033266.
Asdrubali F, Baldinelli G, Scrucca F. Comparative life cycle assessment of an innovative CSP air-cooled system and conventional condensers. Int J Life Cycle Assess
2015;20:1076–88. https://doi.org/10.1007/s11367-015-0901-z.
Beccali M. Life Cycle Assessment of Solar Cooling Systems. International Energy
Agency: Solar Heating & Cooling Program; 2010.
Saner D, Walser T, Vadenbo CO. End-of-life and waste management in life cycle
assessment — Zurich, 6 December 2011. Int J Life Cycle Assess 2012;17:504–10.
https://doi.org/10.1007/s11367-012-0390-2.
Hong Y, Xin-shi G. Preparation of polyethylene-paraffin compound as a form-stable
solid-liquid phase change material. Sol Energy Mater Sol Cells 2000;64:37–44.
https://doi.org/10.1016/S0927-0248(00)00041-6.
Inaba H, Tu P. Evaluation of thermophysical characteristics on shape-stabilized
paraffin as a solid-liquid phase change material. Heat Mass Transf 1997;32:307–12.
https://doi.org/10.1007/s002310050126.
Lee CH, Choi HKI. Crystalline morphology in high-density polyethylene/paraffin
blend for thermal energy storage. Polym Compos 1998;19:704–8. https://doi.org/
10.1002/pc.10143.
Zhang YP, Lin KP, Yang R, Di HF, Jiang Y. Preparation, thermal performance and
application of shape-stabilized PCM in energy efficient buildings. Energy Build
2006;38:1262–9. https://doi.org/10.1016/j.enbuild.2006.02.009.
Umair MM, Zhang Y, Iqbal K, Zhang S, Tang B. Novel strategies and supporting
materials applied to shape-stabilize organic phase change materials for thermal
energy storage–A review. Appl Energy 2019;235:846–73. https://doi.org/10.1016/
j.apenergy.2018.11.017.
Said Z, Rahman SMA, El Haj Assad M, Alami AH. Heat transfer enhancement and
life cycle analysis of a Shell-and-Tube Heat Exchanger using stable CuO/water
nanofluid. Sustain Energy Technol Assessments 2019;31:306–17. https://doi.org/
10.1016/j.seta.2018.12.020.
Vivekh P, Islam MR, Chua KJ. Experimental performance evaluation of a composite
superabsorbent polymer coated heat exchanger based air dehumidification system.
Appl Energy 2020;260:114256https://doi.org/10.1016/j.apenergy.2019.114256.
Mano TB, Jiménez L, Ravagnani MASS. Incorporating life cycle assessment ecocosts in the optimization of heat exchanger networks. J Clean Prod
2017;162:1502–17. https://doi.org/10.1016/j.jclepro.2017.06.154.
Finkbeiner M, Inaba A, Tan RBH, Christiansen K, Klüppel HJ. The new international
standards for life cycle assessment: ISO 14040 and ISO 14044. Int J Life Cycle
Assess 2006;11:80–5. https://doi.org/10.1065/lca2006.02.002.
Lave L, Cobas-flores E, Hendrickson TC, McMichael FC. Using input-output analysis
to estimate economy-wide discharges. Environ Sci Technol 1995;29:420–6.
Weisser D. A guide to life-cycle greenhouse gas (GHG) emissions from electric
supply technologies. Energy 2007;32:1543–59. https://doi.org/10.1016/j.energy.
2007.01.008.
McIntyre J, Berg B, Seto H, Borchardt S. Comparison of Lifecycle Greenhouse Gas
Emissions of Various Electricity Generation Sources. World Nuclear Association
2011. https://doi.org/10.1002/esp.
Kapilow D, Hsuan YG, Sun Y, McCarthy M. Convective melting and freezing of
phase change materials encapsulated within small diameter polymer tubes. Exp
Therm Fluid Sci 2018;92:259–69. https://doi.org/10.1016/j.expthermflusci.2017.
11.012.
Mahamudur Rahman M, Hu H, Shabgard H, Boettcher P, Sun Y, McCarthy M.
Experimental characterization of inward freezing and melting of additive-enhanced
phase-change materials within millimeter-scale cylindrical enclosures. J Heat
Transfer 2016;138:072301https://doi.org/10.1115/1.4033007.
Intergovernmental Panel on Climate Change. Climate Change 2013: The Physical
Science Basis. Cambridge University Press; 2013.
Goedkoop M, Heijungs R, Huijbregts M, Schryver A De, Struijs J, Zelm R Van.
ReCiPe 2008: A life cycle impact assessment method which comprises harmonised

category indicators at the midpoint and the endpoint level. PRé Consultants; 2009.
[64] Hendrickson C, Horváth Á, Joshi S, Lave L. Economic Input - Output Models for
Environmental. Environ Sci Technol 1998:184–91.
[65] Lenzen M. Errors in Conventional and Input-Output—based Life—Cycle
Inventories. J Ind Ecol 2000;4:127–48. https://doi.org/10.1162/
10881980052541981.
[66] Majeau-Bettez G, Strømman AH, Hertwich EG. Evaluation of process- and inputoutput-based life cycle inventory data with regard to truncation and aggregation
issues. Environ Sci Technol 2011;45:10170–7. https://doi.org/10.1021/es201308x.
[67] Pakarinen S, Sokka L. Quantifying the Total Environmental Impacts of an Industrial
Symbiosis - a Comparison of Process-, Hybrid and Input−Output Life Cycle
Assessment. Environ Sci Technol 2010;44:4309–14.
[68] Frischknecht R, Rebitzer G. The ecoinvent database system: A comprehensive webbased LCA database. J Clean Prod 2005;13:1337–43. https://doi.org/10.1016/j.
jclepro.2005.05.002.
[69] U.S. Office of Management and Budget. North American Classification System;
2017. https://doi.org/10.1159/000443915.
[70] Gadonneix, Pierre Barnes de Castro F, Franco de Medeiros N, Jain CP, Kim YD,
Ferioli, Jorge Nadeau, Marie-Jose Sambo, Abubakar Teyssen, johannes Naqo AA,
Ward G, et al. Water for Energy. World Energy Outlook 2010:1–33.
[71] Zhang L, Dong J. Experimental study on the thermal stability of a paraffin mixture
with up to 10,000 thermal cycles. Therm Sci Eng Prog 2017. https://doi.org/10.
1016/j.tsep.2017.02.005.
[72] Nguyen L, Hsuan GY, Spatari S. Life Cycle Economic and Environmental
Implications of Pristine High Density Polyethylene and Alternative Materials in
Drainage Pipe Applications. J Polym Environ 2017;25:925–47. https://doi.org/10.
1007/s10924-016-0843-y.
[73] Wu S, Li T, Yan T, Dai Y, Wang R. Preparation and thermal properties of high
performance shape-stabilized phase change composites using stearic acid and expanded graphite. Huagong Xuebao/CIESC J 2015;66:5127–34https://doi.org/10.
11949/j.issn.0438-1157.20150931.
[74] Sari A. Form-stable paraffin/high density polyethylene composites as solid-liquid
phase change material for thermal energy storage: Preparation and thermal properties. Energy Convers Manag 2004;45:2033–42. https://doi.org/10.1016/j.
enconman.2003.10.022.
[75] Spatari S, Betz M, Florin H, Baitz M, Faltenbacher M. Using GaBi 3 to perform Life
Cycle Assessment and Life Cycle Engineering. Int J Life Cycle Assess 2001;6:81–4.
https://doi.org/10.1007/BF02977842.
[76] Vlachopoulos J. An Assessment of Energy Savings Derived from Mechanical
Recycling of Polyethylene Versus New Feedstock. World Bank; 2009.
[77] Ahmed A, Hassan I, Ibn-Mohammed T, Mostafa H, Reaney IM, Koh LSC, et al.
Environmental life cycle assessment and techno-economic analysis of triboelectric
nanogenerators. Energy Environ Sci 2017;10:653–71. https://doi.org/10.1039/
c7ee00158d.
[78] Sadati SMS, Qureshi FU, Baker D. Energetic and economic performance analyses of
photovoltaic, parabolic trough collector and wind energy systems for Multan,
Pakistan. Renew Sustain Energy Rev 2015;47:844–55. https://doi.org/10.1016/j.
rser.2015.03.084.
[79] Verma JK, Dondapati RS. Techno-economic Sizing Analysis of Solar PV System for
Domestic Refrigerators. Energy Proc 2017;109:286–92. https://doi.org/10.1016/j.
egypro.2017.03.068.
[80] Gong J, Darling SB, You F. Perovskite photovoltaics: Life-cycle assessment of energy
and environmental impacts. Energy Environ Sci 2015;8:1953–68. https://doi.org/
10.1039/c5ee00615e.
[81] Tran TTD, Smith AD. Incorporating performance-based global sensitivity and uncertainty analysis into LCOE calculations for emerging renewable energy technologies. Appl Energy 2018;216:157–71. https://doi.org/10.1016/j.apenergy.2018.
02.024.
[82] U.S. Energy Information Administration. Levelized Cost and Levelized Avoided Cost
of New Generation Resources in the Annual Energy Outlook 2015. Indep Stat Anal
2015:1–12. https://doi.org/DOE/EIA-0383(2012) U.S.
[83] Fout T, Zoelle A, Keairns D, Turner M, Woods M, Kuehn N, et al. Cost and
Performance Baseline for Fossial Energy Plants: DOE/NETL-2015/1723.
Department of Energy: U.S; 2009. https://doi.org/DOE/NETL-2010/1397.
[84] Bunch S, Cort K, Johnson E, Elliott D, Stoughton KM. Water and Wastewater Annual
Price Escalation Rates for Selected Cities across the United States. Office of Energy
Efficiency & Renewable Energy 2017. https://doi.org/10.1109/sesena.2012.
6225734.
[85] Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B. The
ecoinvent database version 3 (part I): overview and methodology. Int J Life Cycle
Assess 2016;21:1218–30. https://doi.org/10.1007/s11367-016-1087-8.
[86] Matthews HS, T.Hendrickson C, H.Matthews D. Life Cycle Assessment: Quantitative
Approaches for Decisions That Matter. LCAtextbook.com; 2015.
[87] Torcellini P, Long N, Judkoff R. Consumptive Water Use for U. S. Power Production:
NREL/TP-550-33905. U.S. Department of Energy: 2003.
[88] Meldrum J, Nettles-Anderson S, Heath G, Macknick J. Life cycle water use for
electricity generation: A review and harmonization of literature estimates. Environ
Res Lett 2013;8:18. https://doi.org/10.1088/1748-9326/8/1/015031.
[89] Khaliq A, Kaushik SC. Thermodynamic performance evaluation of combustion gas
turbine cogeneration system with reheat. Appl Therm Eng 2004;24:1785–95.
https://doi.org/10.1016/j.applthermaleng.2003.12.013.
[90] Price H. A Parabolic Trough Solar Power Plant Simulation Model. Proceeding Int
Sol Energy Conf 2003;44241:1–9. https://doi.org/doi:10.1115/ISEC2003-44241.
[91] Piemonte V, De Falco M, Tarquini P, Giaconia A. Life Cycle Assessment of a high
temperature molten salt concentrated solar power plant. Sol Energy
2011;85:1101–8. https://doi.org/10.1016/j.solener.2011.03.002.

16

Applied Energy 271 (2020) 115227

L. Zhang, et al.
[92] Loew A, Jaramillo P, Zhai H. Marginal costs of water savings from cooling system
retrofits: A case study for Texas power plants. Environ Res Lett 2016;11:11. https://
doi.org/10.1088/1748-9326/11/10/104004.
[93] Carnegie Mellon University Green Design Institute. Economic Input-Output Life
Cycle Assessment (EIO-LCA) US 2002 (428 sectors) Producer model, http://www.

eiolca.net/, (accessed July 2019).
[94] U.S. Department of Labor. Bureau of Labor Statistics, producer price index, https://
www.bls.gov/ppi/, (accessed July 2019).
[95] PRé Consultants, SimaPro 8.4, The Netherlands; 2018.
[96] ThinkStep, GaBi 6: The Software System for Life Cycle Assessment, Stuttgart; 2015.

17

