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A B S T R A C T

Greenhouse gas emissions from the power generation sector contribute significantly to climate change. The use
of thermal energy storage systems can reduce the sector's impact depending on factors such as plant energy
performance and environmental friendliness. In this study, an Excel-based model was developed to evaluate the
greenhouse gas emissions and net energy ratio for thermal energy storage technologies used in concentrated
solar power applications. Five thermal energy storage systems were considered: two-tank indirect sensible heat
storage, two-tank direct sensible heat storage, one-tank direct sensible heat storage, latent heat storage, and
thermochemical storage. To capture the uncertainties in the results for each type of storage, a Monte Carlo
simulation was performed by varying key operational and model parameters. With uncertainty taken into
consideration, it was determined that the mean greenhouse gas emission values for two-tank direct sensible heat
storage and one-tank direct sensible heat storage are 15 gCO2-eq/kWh and 11 gCO2-eq/kWh, respectively. The
two systems offer higher energy performances and lower emissions than the other storage systems and thus the
potential to be implemented commercially for concentrated solar power applications.

1. Introduction

Efforts are being made globaly to reduce the uman-activity related
climate change impacts while greenhouse gas (GHG) emissions con-
tinue to rise. It is estimated that global GHG emissions could increase
from 49 gigatonnes of carbon dioxide equivalent (GtCO2-eq) in 2010 to
approximately 700 GtCO2-eq by 2030 [1]. The electricity production
sector is a major contributor, it is responsible for nearly 25% of global
GHG emissions [1]. The power sector must have a transition from fossil-
fuel based sources to more renewable alternatives in order to meet the
GHG emission reduction targets. The use of cleaner and more efficient
energy technologies such as concentrated solar power (CSP) are a way
forward. The International Energy Agency (IEA) announced a plan in
2014 to reduce about 2.1 gigatonnes of carbon dioxide annually
through the installation of CSP plants by 2050 [2]. This plan prompted
the search for energy efficient ways to store heat in CSP plants. One of
the factors in CSP technologies that affect their energy performance is
the intermittency of solar energy (little energy is delivered during the
night and on cloudy days); this can be overcome by implementing
thermal energy storage (TES) systems. TES systems have the potential
to store energy in the form of heat for long durations, allowing the CSP
plant to operate even when solar energy is intermittent.

TES systems are categorized into sensible heat, latent heat, and

thermochemical storage. Sensible heat storage uses molten salt, a heat
transfer fluid that can retain heat with a small change in temperature
loss of approximately −17.22 °C per day [3]. Latent heat storage
technology can store heat using a phase change material (PCM). Heat is
stored in the process when the PCM is changed from solid to liquid and
released when the PCM is changed from liquid to solid [4]. Thermo-
chemical storage uses a reversible chemical reaction to store and re-
lease heat energy. Latent heat storage and thermochemical storage are
still in the research and development phase since obtaining energy-ef-
ficient and low GHG emission profile heat transfer fluid is very chal-
lenging.

Progress in TES system development is expected to change the way
heat is stored in the power generation industry and provide an oppor-
tunity to reduce fossil fuel use. However, whether to use TES tech-
nology depends on several factors such as plant energy performance
and environmental friendliness. These factors are crucial to the sus-
tainability of different TES systems in the future energy market. A
cradle-to-grave life cycle assessment (LCA) is an appropriate means of
evaluating the energy and environmental performances of TES systems.
GHG emissions and net energy ratios (NERs) are the metrics used to
examine and compare environmental and energy profiles of TES sys-
tems. Such evaluations provide useful insights into life cycle stages of
TES systems and enhance sustainable decision-making in power
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generation. LCA has been applied for a comparative evaluation of
various systems [5,6]. One of the critical aspects of a successful com-
parative LCA is the definition of system boundaries. Unclear or in-
appropriate boundary definitions between systems lead to unreasonable
comparative studies and decision-making. Therefore, for a good selec-
tion of system boundaries, it is essential to examine the system from
both the functional and technical perspectives.

There are some LCA studies on TES systems. Some focus on the life
cycle environmental impacts of selected TES systems independent of
the system energy performance and vice versa. Decisions are hard to
make in many of these studies because of differences in goal and scope
definition, system boundary selection, the choices of modeling para-
meters, and the level of uncertainty associated with those variations.
Uncertainty is a key element in LCA, and it needs to be performed to
better understand the results and interpret their implications. Earlier
LCA studies on TES systems aimed to understand the environmental
performance of individual storage system in terms of GHG emissions
and NER. The GHG emission characterization of individual TES system,
with different system boundaries, has been a subject of discussion in
several papers [7,8], while other papers examine the energy perfor-
mance of TES systems [9,10]. A study by Burkhardt et al. evaluated the
life cycle environmental impacts of a hypothetical 103 MW parabolic
trough, wet-cooled CSP plant with 6.3 h of thermal storage capability
[11]. The study deduced that the type of cooling system and nitrate salt
used as a storage medium influence the environmental impacts of the
system. While a thorough LCA was conducted for a parabolic trough
CSP plant, it would be difficult to compare the results with other TES
systems due to the differences in the modeling parameters. Adeoye
et al. conducted a comparative study to assess the environmental im-
pact of using molten salt and concrete as the storage medium [12].
Although an extensive comparison was conducted, the study only
considered sensible heat storage; other TES systems such as latent heat
and thermochemical storage were not considered [12]. Some studies
examine the environmental impacts of using hybrid systems. For ex-
ample, Magrassi et al. developed a comparative LCA study to evaluate
the environmental impact of a 100 kW photovoltaic plant and a 100 kW
solar-hybrid gas turbine CSP plant [13]. Good et al. examined the
performance of a hybrid solar, photovoltaic, and thermal systems used
for a district heating application [14]. Lechon et al. evaluated the life
cycle GHG emissions for a 17 MW central tower CSP plant and a 50 MW
parabolic trough CSP plant integrated with a natural gas-fired auxiliary
boiler [15]. Larrain and Escobar focused on the energy performance of
a CSP plant with a hybrid direct steam generation plant using natural
gas as the backup fuel [16]. A study by Burkhardt et al. performed an
LCA for a parabolic trough CSP plant with a two-tank TES system and

also considered other design alternatives for TES that could minimize
GHG emissions and water consumption [5].

One of the main purposes of LCA is to compare the environmental
performances of different products with the same functionality. Some
researchers performed LCA to compare the environmental performance
of two systems. For example, Oro et al. examined the GHG emissions for
sensible and latent heat storage systems while not considering ther-
mochemical storage [8]. Other limitations identified from the study by
Oro et al. are the differences in the assumptions and modeling para-
meters. For example, the study did not consider the heat transfer fluid
circulating in the TES system and assumed the total plant life to be 20
years. To the best of the authors’ knowledge, there is no comprehensive
comparative life cycle GHG emissions assessment of sensible heat, la-
tent heat, and thermochemical storage.

The results from these earlier studies cannot be directly compared
because of differences in system boundaries and the lack of information
on the reliability of model uncertainties. Further research is required to
address the limitations associated with decision-making in TES systems
and to examine model uncertainties for TES technologies. With the aim
of filling the literature gap, this study, therefore, aims to develop a
bottom-up data-intensive LCA model to determine the GHG emissions
and NER for sensible heat, latent heat, and thermochemical storage. It is
the first comprehensive LCA study that considers all types of TES
technologies. The general objective is accomplished through the fol-
lowing specific objectives:

1. The goal and scope of the study is set to have a common system
boundary for sensible heat, latent heat, and thermochemical storage
technologies.

2. Life cycle inventory data is developed to assess the GHG emissions
and NERs for the TES technologies.

3. Sensitivity and uncertainty analyses are performed to assess the
impact of different parameters on the GHG emissions and NERs for
each storage technology for better decision-making.

2. Methods

The LCA method presented in this research is in accordance with
International Organization for Standardization (ISO) 14040 and 14044
[17,18]. The ISO provides a guideline principle and framework on how
to conduct LCA. LCA has four major phases: goal and scope definition,
inventory analysis, life cycle impact assessment, and interpretation
[19]. This section discusses each aspect of the LCA stages in the context
of the study.

Abbreviations

CSP Concentrated solar power
CO2 Carbon dioxide
GHG Greenhouse gas
GJ Gigajoule
Gt Gigatonne
gCO2-eq Grams of carbon dioxide equivalent
IEA International Energy Agency
kWh Kilowatt hour
LCA Life cycle assessment
NER Net energy ratio
PCM Phase change material
R&D Research and development
SM Solar multiple
S1 Indirect sensible heat storage using two tanks
S2 Direct sensible heat storage using two tanks
S3 Direct sensible heat storage using one tank

S4 Latent heat storage using one tank
S5 Thermochemical heat storage
TES Thermal energy storage
Tkm Ton-kilometer

Symbols

A Total heat exchanger area
cp Specific heat capacity
h Enthalpy
ṁ Mass flow rate
N Total life (years)
Q̇ Rate of heat transfer
Q̇loss Rate of heat loss
T Temperature of heat transfer fluid
Ẇ Rate of work
ΔEk Change in kinetic energy
ΔEp Change in potential energy
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2.1. Goal and scope definition

The goal of the research is to perform a bottom-up process specific
comparative LCA of sensible heat, latent heat, and thermochemical
storage systems with the aim of identifying the most environmentally
sustainable alternative system. An Excel-based model was developed to
evaluate the GHG emissions and NER for each TES system.

As stated earlier, there are LCA studies on different TES systems;
however, each study uses different system boundary definitions, input
and output requirements, operational conditions, parameters, and so
on. Any comparative assessment using only the existing literature is
subject to high level of uncertainty. To address this problem, the study
attempts to provide comprehensive LCAs of TES systems by defining the
same boundaries and input parameters for each.

The functional unit is one of the key elements in an LCA study,
especially when comparing the environmental performance of several
products. This unit provides a reference through which the input and
output requirements from different systems are normalized. Here the
functional unit is defined as one kWh of energy delivered from stored
heat.

Fig. 1 shows the common system boundary that was established to
accurately assess and compare the GHG emissions and NERs of different
TES systems. The following life cycle stages were included for each
system: material extraction and production, construction, transporta-
tion, operation, dismantling, and disposal. Material and energy re-
quirements at each stage were computed for the individual component
used in the TES systems (i.e., material used in the construction of the
heat exchangers, piping, storage tanks, and pumps). Subsequently, GHG
emission factors (gCO2-eq/kWh) and energy consumed in producing
these materials were determined through the Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation (GREET) model
[20]. Electricity consumption emissions in the production phase were
also considered. For the NER evaluation, the energy consumption in
each unit operation during individual life cycle phase was calculated.
The NER for each scenario was evaluated using mass and energy bal-
ances for individual equipment including the storage tanks, heat ex-
changers, and pumps. The mass and energy balances were used to
compute the heat lost from storage tanks and heat exchangers. The heat
gained in the pumps was also computed. The net heat delivered in each
scenario was evaluated to compare the energy yield of individual TES
technologies.

2.2. Process description

The following alternative TES systems were considered: two-tank
indirect sensible heat storage (S1), two-tank direct sensible heat storage
(S2), one-tank direct sensible heat storage (S3), latent heat storage (S4),
and thermochemical storage (S5). This section briefly describes the

main processes for each TES systems, which are illustrated in Figs. 2–6.
Detailed descriptions and schematics of each process can be found in
the authors’ previous publication [21].

Two-tank indirect sensible heat storage (S1): As shown in Fig. 2,
Dowtherm A©/Therminol VP© fluid is used to transfer heat to water
and produce superheated steam in a heat exchanger (HX 2). This op-
eration takes place during the daytime when ample sunlight is available
and during peak demand. During low energy demand, excess heat from
the sun is stored in the molten salt and can be extracted during the night
in the heat exchanger (HX 1). The operating temperature in S1 ranges
from 320–400 °C [22]. A heat-tracing system (heating cables) is re-
quired to prevent the Dowtherm A©/Therminol VP© fluid and the
molten salt from freezing. High performance mineral-insulated heating
cables are considered for this application as they offer high temperature
maintenance, high temperature exposure, and high watt density. The
heating cables use electrical energy to pre-heat the pipeline and storage
tanks. The same concept is applied for two-tank direct sensible heat
storage, one-tank direct sensible heat storage, and latent heat storage
systems.

Two-tank direct sensible heat storage (S2): This scenario (shown in
Fig. 3) uses molten salt as the heat transfer medium to convert water
into superheated steam in the heat exchanger. Thus, it does not require
an additional heat exchanger and pump. Instead, the system uses a
central tower CSP plant configuration to reflect sunlight, which heats
molten salt to operating temperatures of approximately 290–565 °C
[22]. S2 has a higher operating temperature range and potentially
higher energy yield than S1.

One-tank direct sensible heat storage (S3): This scenario, shown in
Fig. 4, operates on the same principle as S2. The key difference is the
reduced tank volume and molten salt requirement, which could reduce
the material needed for plant construction.

Latent heat storage (S4): This scenario, shown in Fig. 5, uses en-
capsulated PCM pellets that remain in the storage medium without
being mixed with molten salt. The PCM in the top of the tank absorbs
part of the heat from the hot molten salt and is melted. The melted PCM
then settles to the bottom of the tank while the pellets at the bottom
float to the top. Here, both PCM and molten salt are considered as heat
transfer mediums. However, molten salt is the working fluid as it is
pumped for circulation through the system. The heat retained from
melted PCM is released into the cold molten salt that enters the tank
bottom. Then the PCM pre-heats the cold molten salt leaving the tank
before being further heated in the solar field.

Thermochemical heat storage (S5): The input ammonia stream is
heated in the solar field by concentrating heat onto a central tower
using mirrors (Fig. 6). The heated ammonia enters at around 950 °C and
20MPa. Ammonia is dissociated to a hydrogen and nitrogen gas mix-
ture in the presence of a catalyst inside the dissociation reactor. The
mixture is then cooled to ambient temperature in a heat exchanger (HX

Fig. 1. Common system boundary for thermal energy storage systems.
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Fig. 2. Two-tank indirect sensible heat storage system (S1) (derived from [21]).

Fig. 3. Two-tank direct sensible heat storage system (S2) (derived from [21]).

Fig. 4. One-tank direct sensible heat storage system (S3) (derived from [21]).

S. Thaker, et al. Journal of Energy Storage 26 (2019) 100992

4



1) before being stored in a two-phase high-pressure storage tank with
minimal heat loss [23]. To recover stored heat, the hydrogen and ni-
trogen gas mixture is preheated in a heat exchanger (HX 2) to ap-
proximately 275 °C. The gas mixture is then diverted to a synthesis
reactor to produce ammonia. The synthesis reaction releases large
amounts of heat that is used in another heat exchanger (HX 3) to
convert water to superheated steam at approximately 430 °C and
10MPa [24]. The high-pressure superheated steam can be used in ap-
plications such as power generation and process heating.

2.3. Life cycle inventory calculation

Material and energy inputs along with associated GHG emissions for
each life cycle stage (resource extraction, material production, site
preparation, operations, transportation, and dismantling) are con-
sidered. The material requirement for TES components (the storage
tank, piping, pumps, heat exchangers, heat-tracing system [heating
cables], molten salt, and synthetic oils [Dowtherm A©/Therminol
VP©]) were computed using mass and energy balances. Data from
GREET was used to compute the emissions and energy input

requirement for the materials production phase [20]. Key input re-
sources such as molten salt (sodium nitrate and potassium nitrate [25]),
Dowtherm A©/Therminol VP© [26], and phase change materials (li-
thium carbonate [27] and potassium carbonate [5]) are assumed to be
manufactured separately in different locations. Since a case study for
Alberta is the focus of this work, the emission factors and energy re-
quirement to transport material from their respective manufacturing
sites to the plant (Medicine Hat, Alberta) are taken to be 202 gCO2eq/
tkm and 1148 kJ/tkm, respectively [28]. However, the method and the
parameters considered in this study would be valid for other locations
with minor adjustments in the model. Emissions from site preparation
in the construction of the plant and downstream emissions at the end-
of-life stages (dismantiling and disposal) were also considered. The
emission factors corresponding to the electricity consumed during the
production phase were obtained from the literature. The emissions from
the operations phase were due to electricity consumption in pumps. The
life cycle GHG emission factor for using solar photovoltaic energy as the
source of electricity in the operational phase was considered to be
41 −gCO /kWh2 eq [29]. For the end-of- life cycle stage, only the trans-
portation effort to dispose Dowtherm A©/Therminol VP© at the

Fig. 5. Latent heat storage system (S4) (derived from [21]).

Fig. 6. Thermochemical heat storage (S5) (derived from [21]).
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incineration facility in Whitecourt, Alberta was considered [30]. Other
end-of-life cycle treatments such as recycling, landfilling, and in-
cineration are beyond the scope of the study.

The design consideration and the material and energy requirement
calculation for each unit operation are presented below.

Pressure vessels: The thickness of a pressure vessel determines how
much material is required to construct the vessel. Pressure vessels are
designed based on the internal pressure and maximum allowable stress
of the material. According to the ASME Boiler and Pressure Vessel
Section VIII standard, the minimum wall thickness of a pressure vessel
with known variables such as design pressure (P), vessel outer radius
(R), maximum allowable stress (S), and joint efficiency (E) can be cal-
culated as shown in Eq. (1) [31]. If the thickness is less than one half of
the inner radius, then the minimum thickness shall be the greater
thickness of the values corresponding to circumferential stress and
longitudinal stress. The minimum thickness computed in Eq. (1) cor-
responds to the greater thickness.

=
+

t P R
S E P

*
( * ) (0.4* ) (1)

The allowable stress in Eq. (1) is a function of the operating tem-
perature. The allowable stress for carbon steel is assumed to be
103MPa for operating temperatures up to 300 °C [32]. The allowable
stress for stainless steel is taken to be 65.4MPa and 103MPa for op-
erating temperatures up to 600 °C and 450 °C, respectively. The oper-
ating pressure in the ammonia reactors and storage tank is considered
to be around 20MPa [23], and the vessel outer diameter and vessel
height are assumed to be 4.9 m and 7.2 m, respectively.

Storage tank: The wall thickness of a molten salt storage tank is
computed using the American Petroleum Institute (API) 650 standard
for storage tanks [33] (Eq. (2)):

=
−

+t D H G
S

2.6* *( 1)* CA (2)

where, t, D, H, G, S, and CA are tank wall thickness (in), nominal tank
diameter (ft), tank height (ft), specific gravity of fluid in the tank,
maximum allowable stress (psi), and corrosion allowance (in), respec-
tively [33]. The mass of the tank is evaluated by multiplying the tank
volume (computed by multiplying wall thickness and tank surface area)
with its material density.

Process piping and heat exchanger tubes: The wall thickness was
computed using both the Pipeline Rules of Thumb Handbook [34] and the
ASME B31.3 standard for process piping [35] and was calculated using
Eq. (3). Since the pipe wall thickness is one sixth of the outer diameter,
the following equation can be used to compute the wall thickness of a
straight pipe under internal pressure:

=
+ −

t P D
S E P Y

*
(2* * ) (2* *( 1))

i

(3)

where t, P, Di, S, E, Y correspond to the pipe wall thickness (m), internal
pressure (Pa), inner pipe diameter (m), maximum allowable stress (Pa),
joint efficiency, and temperature coefficient, respectively. The mass of
the pipes is computed using the same procedure as for the storage tank.
Table 1 summarizes the main material requirement results for different
unit operations. The values correspond to 50 MW for S1 and 100 MW
for S2–S5.

Heat-tracing system: high-performance mineral-insulated heating
cables are manufactured using a solid alloy or copper conductor,
compacted magnesium oxide insulation, and seamless alloy 825. The
cable has a maximum maintenance temperature of 500 °C, minimum
installation temperature of −60 °C, and maximum watt density of
262 W per meter [38]. The dimension of the pipeline and its heat loss,
the dimension of the tank, and the watt density were used to calculate
the total operational energy requirement and associated GHG emis-
sions. The emissions associated with the material extraction and cable
manufacturing stages are outside the scope of this study since there is

limited information on them; however, their impact is assumed to be
minimal.

2.4. Greenhouse gas emissions and net energy ratio evaluation

The Intergovernmental Panel on Climate Change's 100-year global
warming potential was used to translate the inventory results into GHG
emissions as a CO2-eq per the functional unit (1 kWh).

NER is defined as the ratio of net heat delivered by the thermal
storage system, measured in gigajoules (GJ), to the fossil fuel input to
the thermal storage system (GJ), as shown in Eq. (4):

=
∑

NER Q
Energy use in life cycle phases

delivered

(4)

The NER is a unitless metric evaluated as the ratio of the heat output
from thermal storage to the fossil fuel input. from individual life cycle
phase (i.e., production, construction, transportation, operation, dis-
mantling, and disposal). The NER examined in this study focuses solely
on the thermal storage components. The heat losses incurred in the
solar field and power plant components are not considered. The net
heat delivered by the TES system (Qdelivered) is computed using Eq. (5).

∑ ∑= −Q Q Qdelivered gain in pumps loss in heat exchanger and tanks (5)

The heat gain in pumps is computed using Eqs. (6) and 7 [39]:

=
−

T
P η

c V ρ
*(1 )

* *rise
s

p (6)

=Q m c T(kJ) * *gain in pumps p rise (7)

where Ps, η, cp, V, ρ, m, represent brake power (kW), pump efficiency,
specific heat capacity (kJ/kg K), volume flow rate (m³/s), density (kg/
m³), and mass of fluid (kg), respectively.

The heat loss (GJ) from a heat exchanger depends on the efficiency

Table 1
Material requirement in metric tonnes (MT) [3,5,36,37].

S1a S2 S3 S4 S5

Aluminum 0.3 23 23 23 23
Concrete 4903 55,880 55,880 55,880 55,880
Copper 1 52 52 52 52
Iron 0.4 0.8 0.8 0.8 0.8
Polyethylene 4 2 2 2 2
Polypropylene 39 0.03 0.03 0.03 0.03
Heat transfer medium
Molten salt 34,089 34,771 23,181 8693 N/A
Dowtherm A©/Therminol VP©

HTF
37,199 N/A N/A N/A N/A

PCM N/A N/A N/A 26,078 N/A
Ammonia N/A N/A N/A N/A 25,360
Storage tanks/pressure vessel
Carbon steel 2041 2041 N/A N/A N/A
Stainless steel 2107 2107 1405 738 1373
Mineral wool 284 337 169 169 24
Fiberglass 2.7 3.2 1.6 1.6 0.21
Foam glass 23 34 34 34 N/A
Firebrick 66 95 95 95 N/A
Heat exchangers
Stainless steel 233 20 20 20 4
Piping
Carbon steel 71 42 42 42 273
Stainless steel 197 627 627 627 658
Calcium silicate 319 158 158 158 164
Pumps
Stainless steel 13 13 13 13 13
Total stainless steel 2549 2767 2064 1397 2047
Total carbon steel 2112 2083 42 42 273

a S1, two-tank indirect sensible heat storage; S2, two-tank direct sensible
heat storage; S3, one-tank direct sensible heat storage; S4, latent heat storage;
S5, thermochemical storage.
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(η) of the heat exchanger. The efficiency of the heat exchanger is con-
sidered to be 95% [40], as shown in the energy balance in Eq. (8). A
wide range of heat exchanger efficiencies was considered to capture the
uncertainty associated with heat exchangers.

= − = −Q η m c T T m c t t˙ *[ ˙ ( )] [ ˙ ( )]1 p1 2 1 Fluid,1 2 p2 2 1 Fluid,2 (8)

The heat loss from the molten salt storage tank can be computed
using Eq. (9):

=Q m c T* *(Δ )tank molten salt p (9)

where mmolten salt, cp, and ΔT represent the molten salt mass, specific
heat capacity of molten salt, and change in temperature loss over a
period of one day, respectively. The change in temperature loss for
molten salt is considered to be around −17.22 °C per day [41].

3. Results and discussion

3.1 GHG emissions

The global GHG emissions of all the TES systems considered are
shown in Fig. 7. With 11 gCO2-eq/kWh, S3 shows the lowest GHG
emissions, followed by S2. S1 has the highest GHG emissions. As the
diagram shows, the largest share of GHG emissions in all TES systems is
from production. This emissions share can influence overall results and
is mainly due to fossil fuel and electricity consumption by the pro-
duction facilities. Transportation and construction GHG emissions in S1
are considerably higher than in the other systems. The transportation
GHG emissions are from delivering large quantities of Dowtherm A©/
Therminol VP© from the manufacturing facilities to the plant site and
the disposal site. Dowtherm A©/Therminol VP© HTF used in S1 de-
grades over its life cycle and must be disposed off at the end of the plant
life. Since S2–S5 do not use Dowtherm A©/Therminol VP© as the heat
transfer medium, the GHG emissions contribution from the transpor-
tation effort for these scenarios is very low.

The GHG emission variations in the different TES technologies can
be attributed to their energy requirements at the production phase.
Fig. 8 provides a detailed breakdown of GHG emissions during the
production stage for each system. For example, the production of
molten salt and Dowtherm A©/Therminol VP© in S1 shows the highest
GHG emissions contribution compared to the other systems, around
80%. This is because S1 has a parabolic trough CSP plant configuration,
which needs both Dowtherm A©/Therminol VP© and molten salt as
the heat transfer medium. Though not so high, the significance of
molten salt is reflected in the process GHG emissions of S2 and S3. S3
has the lowest production GHG emissions of all the systems because its
tank volume requirement is approximately 66% that of a two-tank
system [42,43]. S3 uses only one tank to store the molten salt and S2
uses two. Production GHG emissions in S4 come primarily from PCMs,
as 75% of the tank's volume is PCMs and 25% is molten salt [42]. PCMs
have high energy density and effectively store heat, thereby lowering
the storage tank volume requirement by 65% [42]. In S5, the high

Fig. 7. Life cycle GHG emissions for thermal energy storage systems (S1: two-
tank indirect sensible heat storage; S2: two-tank direct sensible heat storage; S3:
one-tank direct sensible heat storage; S4: latent heat storage; S5: thermo-
chemical storage).

Fig. 8. Elemental contribution of GHG emissions from the production stage (S1:
two-tank indirect sensible heat storage; S2: two-tank direct sensible heat sto-
rage; S3: one-tank direct sensible heat storage; S4: latent heat storage; S5:
thermochemical storage).

Fig. 9. GHG emissions sensitivity plot for 2-tank indirect sensible heat storage (S1).
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production GHG emissions are a result of the operating conditions of
ammonia. One of the factors affecting the operating conditions is the
mass flow rate of ammonia, which requires high temperature and
pressure and thus, the energy requirement and associated GHG emis-
sions are high. Ammonia makes up nearly 70% of production GHG
emissions. Concrete is another material that has important GHG

emission contributions in S2–S5. This is because these systems have
central towers in which heat from the sun is concentrated to heat the
transfer medium (i.e., molten salt and ammonia). The central tower can
be as high as 137m, so a large amount of concrete is required to support
the structure [27]. It is worth mentioning that the contribution of heat-
tracing to the overall GHG emissions is minimal in cases S1–S4.

A sensitivity analysis was performed to determine which parameters
are sensitive to the overall results. Figs. 9 and 10 shows the trends for
S1 and S5. The other scenarios (S2–S4) follow the same trend as shown
in the Supporting Information (Figures SI-1, SI-4, and SI-6). The capa-
city factor and the solar multiple are the most sensitive parameters. The
capacity factor and the solar multiple are used to determine the amount
of energy that can be generated from the CSP plant. The amount of
energy stored in the system is the main function from which the func-
tional unit is derived (kWh). A system with more storage capacity re-
sults in fewer GHG emissions per functional unit. Therefore, it would be
ideal to increase energy production by increasing the solar multiple and
the capacity factor, as they directly affect the energy produced from the
system. For example, a solar multiple of one means the energy produced
in the solar field equals the energy consumed by the turbine to generate
electricity. A solar multiple of two, however, indicates that the solar
field produces twice as much energy as what is required to generate
electricity. The excess energy can be stored for later use during off-peak
hours (i.e., night-time). In addition to the solar multiple, the capacity
factor influences the energy produced. The capacity factor is the ratio of
the actual energy to the theoretical energy produced per year [44]. In
addition to the capacity factor and the solar multiple, the material re-
quirement in S1–S4 and the storage duration in S5 are sensitive para-
meters, as shown in Figs. 9 and 10. In S5, heat is stored in a two-phase
tank during an endothermic chemical reaction. This allows heat to be
stored for long durations with minimal heat loss, thereby reducing as-
sociated GHG emissions [23].

3.2 Net energy ratio

The net energy ratio for TES systems was evaluated by considering
the following key parameters: heat exchanger efficiency, storage
duration, solar multiple, capacity factor, electricity source emission
factor, generator efficiency, pump efficiency, pipe length, material re-
quirement, and plant capacity. Table 2 lists the base case values for
each parameter considered in the calculation. The capacity for S1 was
assumed to be 50 MW, in keeping with capacity from an existing plant
[26], while 100 MW was considered for S2–S5 since 133 MW is the

Fig. 10. GHG emissions sensitivity plot for thermochemical storage (S5).

Table 2
Base parameter values.

Base case values S1a S2–S5 Refs.

Heat exchanger efficiency (%) 95 95 [21]
Storage duration (hrs) 8.0 8.0 [45]
Generator efficiency (%) 95 95 [46]
Pump efficiency (%) 85 85 [34]
Solar multiple 1.75 1.75 [22]
Capacity factor (%) 40 40 [22]
Pipe length (m) 1700b 1400c

Capacity (MW) 50 100 [26,27]
Electricity source emission factor (gCO2-eq/kWh) 41 41 [47]

a S1, two-tank indirect sensible heat storage; S2, two-tank direct sensible
heat storage; S3, one-tank direct sensible heat storage; S4, latent heat storage;
S5, thermochemical storage.

b The pipe length was estimated using the plant layout of the Andasol solar
power station.

c The pipe length was estimated using the plant layout of the Ivanpah solar
power facility.

Fig. 11. NER for thermal energy storage technologies (S1: two-tank indirect
sensible heat storage; S2: two-tank direct sensible heat storage; S3: one-tank
direct sensible heat storage; S4: latent heat storage; S5: thermochemical sto-
rage).
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largest turbine operating on a commercial scale in a CSP plant [27].
Fig. 11 shows the NER results for all five TES systems. S2 and S3

have higher NERs than the other systems. S2 and S3 lose less heat in the
heat exchanger than S1. S1 requires additional heat exchanger to
transfer heat from Dowtherm A©/Therminol VP© to the molten salt,
which leads to heat loss. S2 and S3, on the other hand, use only one
heat exchanger to generate superheated steam by exchanging heat be-
tween molten salt and water. S4 has the lowest NER of all the systems.
This is mainly due to the high electricity requirement to produce the
phase change material (lithium carbonate and potassium carbonate).
The lower NER in S5 can be explained by the high energy demand to
pump the ammonia at a high flow rate. S5 uses three heat exchangers,
so there is heat loss, which affects the NER. The high energy demand to
produce material such as stainless steel also contributes to S5’s NER.

A sensitivity analysis was performed to determine which parameters
have the largest impact on overall NER results. It can be seen in Fig. 12,
heat exchanger efficiency, pump efficiency, and material requirement
are highly sensitive parameters in S1. All other TES systems follow a
similar trend as shown in the Supporting Information (Figures SI-2, SI-
3, SI-5, and SI-7). The heat exchanger efficiency determines the amount

of heat loss, which affects NER results. The pump efficiency is another
parameter that has a high impact on NER values. Large quantities of
heat transfer mediums such as molten salt, Dowtherm A©/Therminol
VP©, and ammonia require high amounts of energy to be pumped from
one heat exchanger to the next. The energy requirements to produce
materials used in the construction of TES systems such as carbon steel,
stainless steel, concrete, etc., are also key parameters influencing the
NER value.

Fig. 13 and Table 3 show the heat loss and gain from individual
equipment considered in the NER system boundary. The figure helps to
visualize the energy flow in the system. The heat values for “A” and “B”
in Table 3 refer to the heat delivered to and from the thermal storage
block, respectively, as shown in Fig. 13.

3.3. Uncertainty analysis

There are different sources of uncertainty in LCA. They include
input and output data, the emissions factor, modeling parameter un-
certainties, and assumptions, to name a few. To capture the variability
from these sources, an uncertainty analysis was conducted using a

Fig. 12. NER sensitivity plot for 2-tank indirect sensible heat storage (S1).

Fig. 13. NER block diagram for the thermal energy storage systems (S1: two-tank indirect sensible heat storage; S2: two-tank direct sensible heat storage; S3: one-
tank direct sensible heat storage; S4: latent heat storage; S5: thermochemical storage).
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Monte Carlo simulation. Figs. 14 and 15 show a box plot representation
of the uncertainty ranges for NER and GHG emissions, respectively.
Triangular distributions of the following parameters were considered
for the analysis: plant capacity, storage duration, heat exchanger effi-
ciency, pump efficiency, and generator efficiency. All other parameters
considered in the analysis are listed in Table SI–8 in the Supporting
Information. Each parameter has three input values: minimum, most
likely, and maximum values. The most likely value is the base value,
and minimum and maximum values were taken from the literature.

Except for S2 and S3, whose values overlap, there is clear variation
in the overall NER values, as shown in Fig. 14. Though it is not clear
whether S2 or S3 has the highest, both have higher NER values than the
other three TES systems because they consume less energy during the
production phase. Fig. 15 shows the GHG emissions’ uncertainty results.

The values overlap, which makes interpretation difficult. The overlap is
largely a result of the GHG emissions from the production phase of
manufacturing materials, which take the largest share of the global
GHG emissions in all five TES systems. The high emissions in the pro-
duction phase are due to the use of electricity and/or fossil fuels to run
equipment in a manufacturing facility. The mean values shown by the
white dot in Fig. 15 indicate that GHG emissions in S2 and S3 are lower
than in the other systems; they are lower because less fossil fuel is
consumed in S2 and S3 during the production phase.

4. Conclusions

The purpose of this study was to develop an Excel-based compara-
tive model to evaluate life cycle GHG emissions and NER. Both GHG
emissions and NER were used to compare the TES technologies in CSP
applications (i.e., sensible heat, latent heat, and thermochemical sto-
rage). To make a reasonable comparison between each technology, a
common system boundary was established by considering the material
and energy requirements along with associated GHG emissions from
resource extraction, material production, transportation, operation,
dismantling, and disposal. With uncertainty considered, Fig. 15 shows
an overlap in the results for each TES scenario. To compare the results
for GHG emissions, the mean values (represented by the white dot)
would have to be used. The mean GHG emission values for two-tank
direct sensible heat storage and one-tank direct sensible heat storage
are 15 gCO2-eq/kWh, and 11 gCO2-eq/kWh, respectively, which are
lower than for the other systems. This is because the GHG emisions
contributions from the production of the heat transfer medium in two-
tank direct sensible heat storage and one-tank direct sensible heat
storage are approximately 47% and 36% of the life cycle GHG emis-
sions, respectively, below those of two-tank indirect sensible heat sto-
rage (63%) and latent heat storage (70%). Thermochemical storage,
however, uses ammonia as the heat transfer medium. Since ammonia
production is energy intensive, the GHG emissions from manufacturing
ammonia are approximately 67% of the life cycle emissions. Thus, it
would be ideal to consider the system that requires the least amount of
material during the production phase as it will reduce GHG emissions
considerably and improve the NER. For these reasons, two-tank direct
sensible heat storage and one-tank direct sensible heat storage can be
favourable when implemented commercially.
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