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Abstract: Integrating calcium looping (CaL) based carbon capture and storage (CCS) technology with 

an existing natural gas combined cycle (NGCC) power plants offers a promising solution for low-

carbon energy production. This work introduces a novel NH3-driven CaL process for retrofitting 

NGCC plants. The economic performance and environmental impacts of the process were analyzed 

through life cycle analysis and compared with those of conventional oxy-fuel CaL and solar-driven 

CaL technologies. Results indicate that, the NH3-driven CaL demonstrates with a very low energy 

penalty of only 2.6 points, while the solar-driven CaL method faces a 14-points energy penalty. From 

an environmental perspective, the NH3-driven CaL method, with considering various ammonia sources, 

significantly impacts the environment more than oxy-fuel and solar-driven methods, with global 

warming potential values of 207.7 (oxy-fuel), 170.7 (solar), and 197.6~258.8 g CO2-eq/kWh (green 

NH3). Economically, based on an annual operation time of 4000 hours of NGCC, the solar-driven CaL 

system has the lowest Life Cycle Cost of GHG Removed (LCOR) at 247.7 $/t CO2. With anticipated 

reductions in ammonia prices to 240 $/t in 2050, the NH3-driven CaL system is expected to gain a 

significant advantage in economic at 46.5 $/t CO2 when natural gas price is 0.6 $/Nm3. And it is 

important to pay attention the clean production process of ammonia to reduce its impact on the 

environment. 
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1. Introduction 

Natural gas combined cycle (NGCC) power plants play a critical role in global efforts to reduce 

carbon emissions. NGCC technology, which efficiently integrates gas and steam turbines, offers a 

lower carbon footprint compared to coal-fired power generation, with carbon emission intensities 

typically around 350-400 g CO2/kWh—approximately 50-60% lower than coal-fired plants [1]. 

Despite this improvement, NGCC plants still contribute significantly to global CO₂ emissions, 

accounting for about 22% of electricity sector emissions globally [2]. As the world moves toward 

carbon neutrality, NGCC power plants must adopt advanced CO2 mitigation technologies to further 

reduce their carbon intensity, ensuring they can continue to play a critical role in the energy transition 

toward cleaner and more sustainable power generation. 

For reducing CO2 in NGCC power plants, post-combustion CO2 capture is seen as the best option 

for upgrading existing plants. Calcium Looping (CaL) technology, which captures CO2 after 

combustion, has been widely studied because the materials needed for solid adsorbents are easy to find 

and cheap [3-6]. The CaL process has been successfully validated across bench-scale, pilot-scale, and 

demonstration-scale facilities ranging from 1 kWth to 20 MWth [7-10], reaching a technology 

readiness level (TRL) of 6-7 [9, 10]. And the main challenges of applying CaL technology to NGCC 

plants are the capacity loss of absorbents and calcium carbonate sintering at high temperatures [11]. 

However, current implementations remain at the demonstration stage of the CaL process and have not 

yet been practically integrated into operational power plants. For the integration of CaL with NGCC 

plants, existing research has identified two primary integration approaches: hot-end and tail-end [12]. 

In the hot-end setup, CO2 is taken directly from the hot exhaust gas of the gas turbine, and the cleaned 

flue gas is then sent to the heat recovery steam generator (HRSG). This strategy, while effective, 

introduces an energy penalty ranging between 5.0% and 10.8% [12-15]. In contrast, the tail-end 

configuration captures CO₂ from the lower-temperature flue gas after it passes through the HRSG. 

While this method allows for easier retrofitting of existing NGCC plants without major modifications, 

it comes with a slightly higher energy penalty, typically between 10.6% and 12.0% [12, 16, 17]. 

Despite this, the tail-end configuration offers a more flexible solution for existing plants, making it a 

viable option despite its greater efficiency loss compared to the hot-end strategy. 

In the tail-end calcium looping configuration, oxy-fuel combustion is typically employed to 

supply heat for the calcination process. However, the production of pure oxygen for oxy-fuel 
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combustion is energy-intensive, with air separation units (ASUs) accounting for approximately 40% 

of the total energy consumption and 15% of the total plant investment [18-20]. To mitigate the energy 

burden associated with air separation, solar-driven calcination has also gained attention as a promising 

alternative [21-25]. The integration of solar energy with calcium looping carbon capture systems 

primarily falls into two categories: one involves using solar energy to assist the steam cycle of power 

plants [26], while the other provides direct heating for the calciner [27, 28]. Zhai et al. [26] conducted 

a comparative study on these two integration methods, focusing on solar heating for coal power steam 

cycles versus direct heating of the calciner. Their findings indicated that the latter approach incurs a 

lower efficiency penalty. Additionally, due to the intermittent nature of solar energy, existing research 

has proposed the inclusion of solid storage tanks to ensure stable operation of the carbon capture 

system over daily or weekly cycles [28-30]. Colelli et al.[31] conducted an life cycle assessment (LCA) 

on calcium looping with concentrated solar power for the calcination process. Their results indicated 

a moderate environmental impact, with calcium looping thermochemical energy storage technology 

producing lower equivalent CO2 emissions (24 kg/MWh) compared to other energy storage options, 

such as molten salt-based solar facilities (40 kg/MWh). 

However, existing research presents several challenges. On the one hand, while solar-assisted 

calcium looping avoids the CO2 capture demand for energy supply fuels, its instability poses 

challenges for the stable operation of the capture unit. To address this gap, this paper introduces a novel 

concept of ammonia-driven CaL post-combustion CO2 capture technology, specifically applied to 

NGCC power plants. Ammonia is an excellent renewable energy storage medium, and has garnered 

significant attention as a zero-carbon fuel and hydrogen carrier, but no studies have yet combined 

ammonia with calcium looping capture technology. The novel system uses ammonia as the energy 

source for calcium looping and recovers the heat released during the carbonation process to drive 

ammonia pyrolysis, avoiding the inefficiencies associated with large temperature differentials in direct 

water heating. On the other hand, although using renewable energy avoids the CO2 capture demand 

for energy supply fuels, the environmental impacts during the renewable energy utilization period and 

the economic feasibility of the corresponding integration methods are also critically important, but 

there is a lack of comprehensive comparison regarding the environmental impact and economic 

performance from life cycle point of view among different energy supply methods in CaL technologies.  

In addition to introducing the novel system, this paper evaluates various calcium looping capture 
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technologies powered by both fossil and renewable energy sources from a life cycle environmental 

and economic perspective. Following the introduction, Section 2 describes the model of various 

calcium looping capture technologies in detail. Section 3 introduces the analysis methods employed in 

this study, including energy analysis, LCA, and life cycle cost assessment (LCCA). Section 4 presents 

a comprehensive discussion of the results, comparing the performance of different calcium looping 

capture systems, assessing the environmental impact based on various ammonia sources, and analyzing 

the influence of ammonia and natural gas prices on the economic viability of each technology. It is 

expected the outcomes would shed light on the design of cost-effective CaL based technologies for 

retrofitting existing NGCC power plants. 

2. Model description 

2.1 Natural gas combined cycle (NGCC) power plant 

The 180 MW natural gas combined cycle (NGCC) power plant, situated in China, is illustrated in 

Fig. 1. The system consists of three main components: a gas turbine (GT), a heat recovery steam 

generator (HRSG), and a steam turbine (ST). The GT model employed in this configuration is the 

PG9171E. As depicted in Fig. 1, compressed air and natural gas are fed into the combustion chamber, 

where they combust to drive the GT and generate mechanical power. The high-temperature exhaust 

gases exiting the GT are directed to the HRSG, where they produce steam to power the ST, thereby 

generating additional electricity. After passing through the ST, the steam is condensed, pressurized, 

and recirculated into the HRSG to recover residual heat from the exhaust gases, creating a continuous 

cycle. The HRSG in this NGCC plant operates under dual-pressure conditions without reheating. To 

enhance power output, supplementary water is heated in the HRSG and then fed into the low-pressure 

section of the ST. Furthermore, the ST is equipped with a heating extraction port, allowing steam to be 

diverted for use as a thermal energy source in external systems. 
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Fig.1 Flow sheet of the NGCC power plant (NG: Natural Gas, FWH: Feed Water Heater, ECO: Economizer, LP 

EVA: Low Pressure Evaporator, HP ECO: High Pressure Economizer, LP SH: Low Pressure Superheater, HP EVA: 

High Pressure Evaporator, HP SH: High Pressure Superheater) 

2.2 NGCC with oxy-fuel combustion calcium looping process (CaL-OXY) 

For NGCC power plants, calcium looping (CaL) technology can be integrated through two 

primary strategies: tail-end and hot-end configurations. These approaches differ primarily in the point 

at which flue gas is treated. In the tail-end configuration, flue gas exiting the HRSG is directed to the 

carbonator. Conversely, the hot-end configuration diverts medium-temperature flue gas from the gas 

turbine outlet to the carbonator. Owing to its enhanced CO2 capture efficiency, the hot-end integration 

method has garnered significant attention in recent studies [14, 15, 32, 33], as shown in Fig. 2, which 

serves as a case study in this work. CaL technology utilizes CaO as a high-temperature sorbent to 

capture CO2 from flue gas via a carbonation reaction between CaO and CO2. Following this, the 

sorbent is regenerated in a calciner at elevated temperatures. A common approach to supplying the 

necessary heat for regeneration involves combusting fuel with pure oxygen produced by an air 

separation unit (ASU). The high-temperature CO2 stream exiting the calciner, along with the 

decarbonized flue gas from the carbonator, is channeled through a heat recovery steam generator 

(HRSG). Within the HRSG, the sensible heat is harnessed to generate steam, which drives a steam 

turbine for additional power generation. Furthermore, the exothermic heat released during the 

carbonation reaction is utilized to further heat the working fluid through the pipes arranged on the 

furnace wall. After heat recovery, the CO2 is compressed and prepared for storage. 
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Fig.2 Flow sheet of the CaL-OXY system 

2.3 NGCC with solar driven calcium looping process (CaL-SOL) 

Fig.3 shows the flow sheet of the NGCC with a solar-driven calcium looping process. A solar 

field is used to supply high-temperature heat for the calcination process. To ensure the stable operation 

of the capture unit, a solid storage system should be implemented to maintain performance during 

periods without solar energy. In the day mode, the system utilizes solar irradiation and serve as thermal 

energy storage, and in the night mode, the system releases the chemical energy from the carbonation 

reaction and operate without solar irradiation. The daytime is assumed to be 12 hours. The size of the 

solid storage tanks are calculated based on methods outlined in the literature [30], ensuring that the 

solar carbon capture system can operate stably over a 24-hour period. Additionally, the sensible heat 

from the gases exiting the carbonator and calciner can be utilized to generate steam, which drives the 

steam turbine for power generation. 
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Fig.3 Flow sheet of the CaL-SOL system 

2.4 NGCC with ammonia driven calcium looping process (CaL-NH3) 

While the hot-end configuration offers better energy efficiency for NGCC power plants compared 

to the tail-end approach, it involves substantial changes to the existing plant setup, making it less 

practical for real-world use. For this reason, the study focuses on the tail-end integration method and 

introduces a novel carbon capture process driven by ammonia, as illustrated in Fig.4. In this CaL-NH3 

system, flue gas from the NGCC plant, after being cooled, enters the carbonator for CO2 absorption. 

Because the flue gas has a low CO2 concentration and is at a lower temperature, a larger portion of its 

heat is transferred to the incoming gas stream. The carbonator operates endothermically, eliminating 

the need to preheat the flue gas. The heat recovered from the decarbonized flue gas is then utilized for 

two purposes: cracking NH3 and preheating the flue gas after carbonation. In the cracker, NH3 from 

storage is compressed and decomposed using a catalyst. The resulting products are mixed with 

compressed air and directed to the combustor. Meanwhile, the solid CaCO3 formed in the carbonator 

is transported to the calciner, where it regenerates into CaO and releases CO2. The heat required for 

calcination is supplied by the high-temperature combustion products from the NH3/H2/N2 combustor. 
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After providing heat for calcination, these combustion products expand in the gas turbine. The 

remaining heat from the exhaust gas and the CO2 released in the calciner is recovered in the HRSG2 

unit. Additionally, the effectiveness of CaO as a sorbent decreases over multiple carbonation-

calcination cycles. To address this, a small portion of the regenerated CaO is removed after calcination, 

and fresh CaCO3 is added to maintain sorbent performance. Fig.5 schematically illustrates the heat 

transfer method between key components of the system: the carbonator and cracker, as well as the 

calciner and combustor. The high-temperature flue gases from the carbonator and combustor 

respectively pass through external flue channels of the cracker and calciner, where heat is transferred 

through metal walls to the reaction chambers to provide thermal energy for ammonia cracking and 

calcination reactions. 
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Fig.4 Flow sheet of the CaL-NH3 system 
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Fig.5 Heat transfer approach between reactors in the CaL-NH3 system 

2.5 Simulation 

The simulations of the three CO2 capture technologies were conducted using Aspen Plus v11.0. 

For property calculations, the PR-BM method was applied globally, while the STEAMNBS method 

was specifically used to analyze water and vapor properties in the steam cycle. To reduce 

computational complexity, the following assumptions were incorporated: (1) the system operates at 

steady state; (2) fresh make-up solids and ammonia inputs were simplified to CaCO3 and NH3, 

respectively; (3) gas-solid separation was assumed to be an ideal process; and (4) pressure losses and 

heat dissipation were disregarded. Detailed operational parameters for the three cases are summarized 

in Table 1. The supplementary document includes the validation results for the model. 
Table 1 Main operating parameters in the proposed and reference systems 

Items Description 

Feedstocks 

Natural gas input 

Molar fraction: CH4 (91.1%), C2H6 (6.0%), C3H8 (2.14%), C4H10 (0.66%), N2 (0.05%), 

CO2 (0.04%), O2 (0.01); Lower heating value (LHV): 49.44 MJ/kg; Temperature and 

pressure: 25 ℃ and 24.7 bar [34]. 

NH3 input 100% NH3; LHV: 18.50 MJ/kg; Temperature and pressure: 4 ℃ and 1.013 bar [35]. 

Solid make up 
100% CaCO3; Temperature of fresh make-up solids: 25 ℃, make-up ratio: 2.0% [21, 

36]. 
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Base NGCC power plant [34] 

Air compression Outlet pressure: 12 bar; Isentropic efficiency: 0.85. 

Gas turbine Inlet temperature: 1100 ℃; Isentropic efficiency: 0.92. 

HRSG Steam parameters: 56/5.6 bar, 527℃. 

Flue gas Temperature of flue gas treated: 40 ℃. 

CaL units 

Carbonator 

Carbonator pressure: 1.013 bar; Carbonator temperature: 600 ℃ [13, 15]; Average CaO 

conversion: 0.2 [37, 38]; Inlet flue gas temperature: 550℃(CaL-OXY and CaL-SOL), 

370 ℃ (CaL-NH3). 

Calciner Calcination temperature: 900 ℃; Pressure: 1.013 bar. 

HRSG2 Same with HRSG in the base NGCC power plant. 

ASU 
Cryogenic distillation technology; Electricity consumption: 180 kWh/t O2; Purity of 

O2: 95% [39, 40]. 

Other processes 

Ammonia cracking Cracking temperature: 400 ℃; Cracking pressure: 12 bar [41] [42] 

Gas turbine for NH3 

cases 

Inlet temperature: 1100 ℃ [41]; Exhaust pressure: 1.013 bar; Isentropic efficiency of 

GT: 0.92. 

Air compressor for NH3 

cases 

Isentropic efficiency: 0.85. 

Solar heat supply 

process 

DNI: 1022 W/m2 [43]; Collector efficiency: 0.568 [44]. 

3. System evaluation methodology 

3.1 Energy analysis 

For energy analysis, power generation efficiency and energy penalty are the key indicators for 

system evaluation. The detailed calculation of power generation efficiency is shown Eq. (1). 

3 3 ,

GT STs Pumps ASU Comps
p

NG NG NH NH solar receive

P P P P P
m LHV m LHV Q

η
+ − − −

=
+ +

                     (1) 

Here, the numerator represents the system's power output, while the denominator indicates the 

system's energy input. PGT, PSTs, PPumps, PASU, and PComps represent the power generation in gas turbines 

and steam turbines, and power consumption in pumps, ASU unit and compressors, respectively. 

Besides, mNG, and mNH3 represent mass flow of natural gas input and NH3 input in these systems, 

respectively. LHVNG, and LHVNH3 are the lower heating value of natural gas input and NH3 input, 

respectively. Qsolar,receive is the heat received by the solar field.  

PGT and PSTs denote the power generated by the gas turbine and steam turbines, respectively, while 
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PPumps, PASU, and PComps represent the power consumed by the pumps, air separation unit (ASU), and 

compressors, respectively. Additionally, mNG, and mNH3 signify the mass flow rates of natural gas and 

ammonia inputs into the system, respectively. The terms LHVNG, and LHVNH3 refer to the lower heating 

values of natural gas and ammonia, respectively. Finally, Qsolar,receive represents the thermal energy 

absorbed by the solar field. 

The energy penalty refers to the decrease in power generation efficiency of a power plant after 

adding a CO2 capture unit. The energy penalty is defined in Eq. (2) [45]. 

, ,-p w p woη η η∆ =                                 (2) 

Where ηp,w and ηp,wo are the power generation efficiencies of the NGCC power plants with and 

without CO2 capture, respectively.  

The CO2 capture rate (CCR) is the ratio of CO2 captured to the total carbon entering the system. 

In a calcium looping carbon capture system, carbon comes from two sources: the flue gas and the fuel 

used to supply energy for the calcination process. It can be calculated using the following equation: 

CO2,captured

CO2,f C,esf

n
CCR

n n
=

+
         (3) 

where nCO2,captured represents the amount of CO2 captured, and nCO2,f is the amount of CO2 in the 

flue gas entered the carbonator, and nC,esf  represents the carbon content in the energy supply fuel for 

calcination process. Specifically, nC,esf in the CaL-OXY system represents the carbon content in the 

natural gas input for the calcination process. For the CaL-NH3 and CaL-SOL systems, since there is 

no additional input of carbon-containing fuel, nC,esf is 0, and the captured CO2 only comes from the 

flue gas of the power plant. 

Primary energy saving ratio (PESR) is a key indicator assess the system performance based on 

the primary energy consumption under the same work output as the reference system. Considering that 

the ammonia is the secondary energy, the ammonia sources should be considered in this calculation. 

For the CaL-NH3 system, CaL-OXY and primary energy to ammonia to power systems (PE-NH3-P) 

can be selected as the reference systems. PESR can be calculated using the following formula: 

ref1 P,ref1 ref2 P,ref2 P

ref1 P,ref1 ref2 P,ref2

/ / /
/ /

P P P
PESR

P P
η η η

η η
+ −

=
+

      (4) 

where ref1 and ref2 represent the CaL-OXY system and primary energy to ammonia to power 
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system, respectively. 

3.2 Life cycle assessment 

Life Cycle Assessment (LCA) is a method used to evaluate the environmental effects of a product, 

process, or service over its entire life. This includes all stages, from getting raw materials, making the 

product, using it, and finally disposing or recycling it. The LCA process has four main steps: defining 

goals and scope, analyzing the inventory, assessing impacts, and interpreting results. In this study, a 

process-based LCA was used to evaluate the environmental impacts of NGCC power plants with CO2 

capture over their full life cycle. 

3.2.1 Life cycle assessment indicators 

In this study, a process-based LCA was conducted to comprehensively evaluate the environmental 

impacts associated with various products across their entire life cycle. The assessment incorporated 

several key indicators, each representing distinct aspects of environmental impact. Global Warming 

Potential (GWP) and Primary Energy Demand (PED) were utilized to analyze the system's contribution 

to climate change and overall energy consumption. These indicators are essential for understanding 

the broader implications of greenhouse gas emissions and the energy required throughout the life cycle, 

from resource extraction to end-of-life disposal. Water Use (WU) was included to measure the total 

volume of freshwater consumed, highlighting the importance of sustainable water management, 

especially in regions facing water scarcity. And Acidification Potential (AP) and Eutrophication 

Potential (EP) were adopted to evaluate the impact of acidifying substances and nutrient emissions on 

ecosystems. Furthermore, Respiratory Inorganics (RI) and Photochemical Ozone Formation Potential 

(POFP) were analyzed to assess the health impacts related to air quality, with RI highlighting the 

respiratory issues caused by particulate matter and inorganic pollutants, while POFP evaluates the 

formation of ground-level ozone, a key smog component that exacerbates respiratory problems. Finally, 

Human Toxicity (HT) and Ecotoxicity (ET) were also considered to evaluate the potential harmful 

effects of substances on human health and ecosystems. Table 2 displays the indicators and the 

corresponding unit used in this study.   

 

Table 2 Life cycle assessment indicators 

Indicator Abbreviation Unit 
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Global Warming Potential GWP kg CO2-eq 

Primary Energy Demand PED MJ 

Water Use WU kg 

Acidification Potential  AP kg SO2-eq 

Eutrophication Potential EP kg PO4-eq 

Respiratory Inorganics RI kg PM2.5-eq 

Photochemical Ozone Formation Potential POFP kg NMVOC-eq 

Potential Ecotoxicity ET CTUe 

Human toxicity HT CTUh 

3.2.2 Functional unit (FU) and system boundary 

The functional unit acts as a benchmark that links all inputs and outputs in the analysis. In this 

study, the functional unit was defined as one kWh of net electricity produced and delivered, which is 

a common standard for power plant assessments. Furthermore, since the system exclusively generates 

electricity, there are no allocation challenges to address. Fig.6 shows the system boundary of NGCC 

power plants with CCS, covering upstream processes (e.g., natural gas production and transportation, 

material and energy supply, and infrastructure construction), power generation, flue gas purification 

and decarbonization, CO2 transport and sequestration, the downstream processes of waste disposal and 

plant decommission.   

 

Fig.6 System boundary of NGCC power plants with CCS 
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3.2.3 Inventory data 

The software used in this study is an online LCA tool called eFootprint. It uses data from the 

CLCD (2020), Ecoinvent (2020), and ELCD (2020) databases. China was chosen as the location for 

the LCA. The NGCC power plant in this study is in Dongguan, Guangdong Province. Most of the 

background data came from the CLCD-China-ECER 0.8 database, which reflects the average 

technology level in the Chinese market. Table 3 lists the main data sources used for the LCA. 

Table 3 Main data sources for LCA 

No. Item Source 

1 Background data for material production parameters for PCC 

power plants 

CLCD, Ecoinvent V3.1 

2 Operation parameters for PCC power plants Simulation results from Aspen Plus 

3 Inventory data for power plant construction Scientific publications [46-48] 

4 Inventory data for natural gas extraction and transportation Ecoinvent V3.1 

5 Inventory data for ammonia production Scientific publications [49] 

6 Inventory data for CO2 transportation and storage Ecoinvent V3.1 

 

 

 

3.2.4 CO2 transport and storage 

The life cycle assessment must also consider how the captured CO2 is stored. The captured CO2 

is moved through pipelines at a starting pressure of 110 bar, traveling 200 km, with a leakage rate of 

about 0.026% per 1000 km [50]. For storage, saline aquifers are used, as they are expected to have the 

largest storage capacity for CO2 in China. This study does not look at issues like storage leaks or 

decommissioning. The storage site is assumed to be about 1500 meters deep, and the energy needed to 

inject CO2 is estimated at 6.5 kWh per ton of CO2 [51]. 

3.3 Life cycle cost assessment 

In addition to considering environmental impacts, the life cycle economic assessment can 

evaluate the economic feasibility of various CCUS technology pathways. The Levelized Cost of 

Energy (LCOE) for carbon capture power plants measures the average cost per unit of electricity 
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generated, accounting for all capital, operational, and carbon capture-related expenses over the plant's 

lifetime, which can be calculated by Eq. (5): 

OM FUEL

net

CRF CAPEX X CAPEX CLCOE
CF T P

× + × +
=

× ×
      (5) 

where the first item of numerator represents the annual investment cost, and the second and the 

third item of numerator represent the annual operating & maintenance (O&M) cost and annual fuel 

cost, respectively. CF is the capacity factor of system and T indicates the annual operation hours 

(hours/year). 

As is shown in the Eq. (5), the annual investment cost is calculated by the total capital expenditure 

(CAPEX) and the capital recovery factor (CRF). The CAPEX consists of direct plant cost (DPC), 

indirect plant cost (IPC), Contingency, Contractor fee, and working capital (WC), which is highly 

related to the capital cost of each component. While the CRF is related to the discounted rate and the 

life of equipment, The CRF can be calculated by the Eq. (6).  

( 1)
( 1) 1

n

n

i iCRF
i
× +

=
+ −

         (6) 

where i and n represent the discounted rate and the equipment operating life, respectively. 

The capital cost of each component is empirically estimated by means of scaling factor exponent, 

which is shown as Eq. (7): 

2023
,

,

( ) ifi
i i r

ref i r

CEPCI SI I
CEPCI S

=           (7) 

where Ii represents the cost of the equipment at the actual scale, and Ii,r represents the cost of the 

equipment at the reference scale. Since the reference scale and economic data are based on previous 

years, all economic data have been adjusted according to the Chemical Engineering Plant Cost Index 

(CEPCI). S represents the scale of the equipment, with the subscripts i, r and the variable f denoting 

the i-th equipment, the reference equipment, and the scaling factor, respectively. More detailed 

calculation parameters of CAPEX can be found in Tables S9-S11 in the Supplementary document. 

The cost of CO2 removed (COR) is a key indicator to evaluate the economic performance of 

carbon capture power plants, which can be calculated as: 

2, 2,

cap ref

ref cap

LCOE LCOE
COR

CO CO
−

=
−

        (8)
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where LCOEcap and LCOEref are the levelized cost of energy for carbon capture power plants and 

the reference power plant without CO2 capture, respectively; CO2,ref and CO2,cap are the direct CO2 

emission from reference power plants without CO2 capture and carbon capture power plants, 

respectively. 

When evaluating the life cycle of a system, the Life Cycle Cost (LCC) and greenhouse gas (GHG) 

emissions can be combined into a single metric called the Life Cycle Cost of GHG Removed (LCOR). 

This metric measures the cost required to achieve net reductions in GHG emissions over the entire life 

cycle, rather than simply focusing on the amount of CO2 captured. The LCOR can be determined using 

Eq. (9): 

cap ref

ref cap

LCOE LCOE
LCOR

GHG GHG
−

=
−

        (9)
 

4. Results and Discussion   

4.1 Energy analysis results 

Based on the assumptions regarding the key operational parameters of the carbon capture system 

outlined in Section 3, Fig.7 presents the energy analysis results for the three carbon capture technology 

pathways. The results indicated that replacing fossil fuels with solar energy for heating lowers overall 

system efficiency, with a 4.5 percentage point increase in the energy penalty. This is mainly due to the 

lower solar-to-thermal conversion efficiency of 57.8%, leading to higher energy demand for CaL-SOL 

compared to CaL-OXY. Additionally, under the same 90% capture rate, CaL-OXY benefits from 

reduced CO2 absorption in the carbonation tower due to the oxy-fuel combustion, which decreases the 

required mass flow of CaO and the heat demand for calcination.  

On the other hand, the CaL-NH3 method shows a notable improvement in system performance, 

with an energy penalty of only 2.6 percentage points. This lower energy penalty is mainly due to the 

integration of the calcium looping process with chemical energy conversion, which allows for more 

efficient recovery and conversion of chemical energy into power. In the CaL-NH3 system, the chemical 

energy input to the CaL unit is 403.8 MW, leading to a power output increase of 186.3 MW. In 

comparison, the CaL-Oxy method achieves only a 42.4 MW increase in power output despite a 

chemical energy input of 187.2 MW, primarily because of inefficient heat recovery and the additional 

power consumed by the air separation unit (ASU). In the CaL-NH3 approach, part of the heat from the 

carbonation reaction is recovered and converted into chemical energy stored in the cracked products. 
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This chemical energy is then transformed into high-grade thermal energy for the calcination process 

and further utilized for power generation through the combined cycle. In contrast, the CaL-Oxy method 

relies on direct combustion to convert chemical energy into heat for calcination, with high-grade 

thermal energy recovered through the Rankine cycle in the HRSG unit. By efficiently utilizing NH3 in 

the combined cycle, the proposed system not only enhances power generation but also eliminates the 

need for ASU power consumption, resulting in a significantly lower energy penalty. 

 

Fig.7 Power generation efficiency of various carbon capture pathways 

Given that the source of ammonia influences the primary energy saving ratio of ammonia-driven 

carbon capture technology pathways, Fig.8 shows the impact of ammonia sources on PESR. The 

ammonia sources considered include hydrogen produced from PV, wind-powered electrolysis, biomass 

gasification, coal gasification, and coal gasification with CCS. From the results in Fig.8, the CaL-NH3 

systems exhibit a primary energy saving ratio of 18~19%. This indicates that the new system 

demonstrates a favorable primary energy saving ratio regardless of the ammonia source. However, due 

to the lower efficiency of photovoltaic power generation, the NH3-PV system has the lowest PESR at 

18.2%. But, overall, the impact of the ammonia source on PESR is minimal. 

0

10

20

30

40

50

60

CaL-NH3CaL-SOLCaL-OXY

2.6
14.0

Po
w

er
 g

en
er

at
io

n 
ef

fic
ie

nc
y,

 η
p (

%
)

9.5

NGCC



 2  

 

Fig.8 Primary energy saving ratio under different ammonia sources 

4.2 Life cycle assessment results 

4.2.1 Comparison between various technical routes 

Based on the results of the energy analysis in Section 4.1 and the research on material 

consumption for infrastructure construction found in the literature, the Life Cycle Inventory (LCI) for 

NGCC and NGCC-PCC systems can be determined. The LCI data list includes materials and fuel 

consumption for construction, materials and fuel consumption for operation, emissions during 

operation, and fuel consumption for plant decommissioning. The LCI for NGCC power plants and 

NGCC-PCCs can be found in Table S3 in the Supplementary Document. By inputting the LCI data 

into the eFootprint online software, it is possible to calculate the life cycle assessment results for each 

technological pathway. 

Fig.9 presents the life cycle assessment results for NGCC, CaL-OXY, CaL-SOL and CaL-NH3. 

Due to differences in the units and scales of these indicators, Fig.9 normalizes the data to facilitate 

comparison between the different technologies. Each indicator is normalized by setting the maximum 

value among the four technologies to 1, with the values for the other technologies represented as a 

ratio of the actual value to the maximum value. The specific numerical values are also listed in Table 

5. 

Fig.9 demonstrates that all the three CaL pathways achieve a substantial reduction in GWP 

compared to NGCC power plants. Among these, CaL-SOL has the lowest GWP (170.7 g CO2-eq/kWh), 

representing approximately 35% of that in an NGCC plant without capture (476.9 g CO2-eq/kWh). 

18.0

18.2

18.4

18.6

18.8

19.0

N
H

3 -C
oal-C

C
S

N
H

3 -C
oal

N
H

3 -W
ind

N
H

3 -B
iom

ass

Pr
im

ar
y 

en
er

gy
 sa

vi
ng

 ra
tio

, P
ES

R 
(%

)

N
H

3 -PV



 2  

And the CaL-OXY pathway follows, with a GWP close to 45% of that in NGCC power plants, at 207.7 

g CO2-eq/kWh. This reduction is primarily due to the additional CO₂ emissions and increased natural 

gas consumption required for the calcination process. CaL-NH3 shows a higher GWP of 258.8 g CO2-

eq/kWh compared to the other two CaL technologies. This elevated GWP is largely due to the relatively 

high carbon emissions associated with ammonia production, especially when using the well-

established photovoltaic electrolysis for ammonia synthesis. 

As for Primary Energy Depletion (PED), CaL-OXY records the highest value at 9.54 MJ, 

considerably higher than that of NGCC, while CaL-SOL shows a modest reduction. In contrast, CaL-

NH3 demonstrates a significant decrease, with PED dropping to 4.16 MJ. This is primarily due to the 

fact that CaL-OXY relies on natural gas to provide heat for the calcination process, leading to higher 

primary energy consumption compared to other pathways. Meanwhile, CaL-NH3 uses ammonia as the 

energy source, which not only reduces natural gas consumption but also significantly increases the life 

cycle electricity output of the carbon capture plant, thereby substantially lowering the primary energy 

consumption per unit of electricity generated. 

The Water Intensity (WU) of the system is primarily influenced by the water consumption of the 

steam Rankine cycle and the total electricity generation over the system's lifecycle. Among all the 

technological pathways, CaL-OXY exhibits the highest WU, followed by CaL-SOL, with NGCC 

having the lowest. Clearly, the introduction of CaL technology reduces the lifetime output of the power 

plant, increasing the unit water consumption for power generation, and exacerbates efficiency penalties, 

leading to a more pronounced increase in WU. As highlighted in energy analysis in Section 2.3, CaL-

OXY faces the highest energy penalty at 9.5 points, whereas CaL-NH3 has the lowest penalty at 2.6 

points. Consequently, WU significantly increases for CaL-OXY, while the increase for CaL-NH3 is 

relatively minor. 

Acidification Potential (AP) and Eutrophication Potential (EP) reflect the system's potential for 

acidification and eutrophication, respectively. Among the various technological routes, CaL-NH3 

shows notably higher AP and EP values than the other options. This significant increase is primarily 

due to the ammonia production process. Specifically, the use of hydrogen production via photovoltaic 

electrolysis (PV) for ammonia synthesis involves materials and chemicals that can be harmful, as well 

as potential nitrogen oxide emissions. These factors contribute to the elevated AP and EP values for 

CaL-NH3. And for Ecotoxicity (ET) and Human Toxicity (HT), CaL-NH3 also presents considerable 
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drawbacks compared to other technologies, largely due to the impacts associated with the PV-based 

ammonia production. Conversely, NGCC and CaL-OXY exhibit minimal ET and HT. CaL-SOL, while 

also having relatively low toxicity impacts, shows some ecological and human toxicity linked to the 

construction of solar thermal plants. 

Besides, the introduction of the CaL technology results in an increase in both Respiratory 

Inorganics (RI) and Photochemical Ozone Formation Potential (POFP) compared to NGCC. The rise 

in RI across all three capture technology pathways is largely attributed to the significant dust and 

particulate matter generated during the production of CaCO3 and disposal of CaO. Additionally, natural 

gas extraction and ammonia production processes emit VOCs and NOx, which participate in 

photochemical reactions under sunlight to form ground-level ozone, contributing to higher POFP 

values. For CaL-OXY and CaL-SOL, the increase in RI and POFP compared to NGCC is primarily 

due to the reduced lifetime power output of the system. In the case of CaL-NH3, the increase in these 

indicators is also influenced by the ammonia production process, which exacerbates the emissions of 

VOCs and NOx. 

 
 

(a) NGCC (b) CaL-OXY 

0.0
0.2
0.4
0.6
0.8
1.0HT

ET

POEP

RI EP

AP

WU

PED
GWP

0.0
0.2
0.4
0.6
0.8
1.0HT

ET

POEP

RI EP

AP

WU

PED
GWP



 2  

  

(c) CaL-SOL (d) CaL-NH3 

Fig.9 Spider chart for LCA results comparison 

Table 5 LCA results comparison of various CaL technologies 

 NGCC NGCC-CLC-OXY NGCC-CLC-SOL NGCC-CLC-NH3 

GWP (g CO2-eq) 476.94 207.7 170.7 258.8 

PED (MJ) 7.33 9.54 6.80 4.16 

WU (kg) 1.74 3.12 2.87 2.27 

AP (kg SO2-eq) 3.92×10-4 6.49×10-4 5.64×10-4 15.9×10-4 

EP (kg PO4-eq)) 6.78×10-5 1.01×10-4 7.97×10-5 8.35×10-4 

RI (kg PM2.5-eq) 6.11×10-5 3.66×10-4 3.75×10-4 3.50×10-4 

POEP (kg NMVOC-eq) 2.12×10-4 3.22×10-4 2.55×10-4 2.55×10-4 

ET (CTUe) 0.09 0.02 0.45 0.98 

HT (CTUh) 1.03×10-8 5.20×10-8 1.05×10-7 3.48×10-7 

4.2.2 The impact of ammonia sources for the CaL-NH3 system 

Given that the source of ammonia significantly influences the LCA results of ammonia-driven 

carbon capture technology pathways, this section will explore the impact of ammonia sources on the 

life cycle performance of the CaL-NH3 route. The ammonia sources considered is the same as Section 

4.1. Some environmental impact data for different ammonia sources can be found in ref.[49]. The 

results are shown in Fig.10, where the value of NGCC power plants is chosen as the reference point 

(100%) and compares the relative environmental performance for each ammonia source.  

0.0
0.2
0.4
0.6
0.8
1.0HT

ET

POEP

RI EP

AP

WU

PED
GWP

0.0
0.2
0.4
0.6
0.8
1.0HT

ET

POEP

RI EP

AP

WU

PED
GWP



 2  

0

100

200

300

400

500

600

700

POFPRIAPPED

R
el

at
iv

e 
ra

tio
 (%

)

GWP

(a)

0

100

200

300

400

500

600

700

POFPRIAPPED

R
el

at
iv

e 
ra

tio
 (%

)

GWP

(a)

 

0

500

1000

1500

2000

2500

 NGCC-CaL-NH3-Coal

 NGCC-CaL-NH3-Coal-CCS

 NGCC-CaL-NH3-Wind 

 NGCC-CaL-NH3-PV NGCC-CaL-SOL

 NGCC-CaL-NH3-Biomass

 NGCC-CaL-OXY

 NGCC

HTETEPWU

R
el

at
iv

e 
ra

tio
 (%

)

3377%(b)

0

500

1000

1500

2000

2500

 NGCC-CaL-NH3-Coal

 NGCC-CaL-NH3-Coal-CCS

 NGCC-CaL-NH3-Wind 

 NGCC-CaL-NH3-PV NGCC-CaL-SOL

 NGCC-CaL-NH3-Biomass

 NGCC-CaL-OXY

 NGCC

HTETEPWU

R
el

at
iv

e 
ra

tio
 (%

)

3377%(b)

 

Fig.10 Sensitive analysis of NH3 sources on CaL-NH3 systems 

The results indicate that different ammonia sources significantly impact the life cycle 

performance of the CaL-NH3 technology route. For GWP, the introduction of the CaL technology 

generally leads to a notable reduction in GWP across most systems. Among these, CaL-SOL has the 

lowest GWP at 170.7 g CO2-eq/kWh, due to the use of solar heat. In contrast, CaL-OXY, which relies 

on fossil fuels, has a higher GWP of 207.7 g CO2-eq/kWh compared to the solar-driven case. In 

ammonia-driven systems, if ammonia is derived from coal gasification (gray ammonia), the GWP is 

the highest at 917.9 g CO2-eq/kWh, significantly exceeding that for NGCC power plants at 476.9 g 

CO2-eq/kWh. However, if CCS is added to the coal gasification process, the GWP for blue ammonia 

drops to 249.5 g CO2-eq/kWh. Furthermore, ammonia produced from renewable energy sources, such 
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as PV, wind, and biomass, maintains relatively low GWP values. Among these, biomass gasification 

has the lowest GWP at 197.6 g CO2-eq/kWh, though this is still ~15% higher than that for CaL-SOL. 

And the GWPs for PV and wind-powered ammonia production are 258.8 g CO2-eq/kWh and 207.1 g 

CO2-eq/kWh, respectively. 

PED and WU are closely related to primary energy consumption and water consumption. Among 

the various ammonia production routes, coal-based ammonia production has the highest PED due to 

the high energy density of coal, low conversion efficiency, and substantial energy consumption. In 

contrast, other ammonia production methods exhibit a significant reduction in PED compared to coal-

based cases. Regarding water resources, the adoption of the CaL technology generally increases water 

consumption at power plants. Specifically, CaL-NH3 with biomass gasification for ammonia 

production has a significantly higher WU compared to other technologies. This is primarily due to the 

substantial water consumption associated during the biomass collection process, accounting for 99% 

of the total water use throughout the biomass-to-hydrogen life cycle [52]. 

In terms of AP and EP, the CaL-NH3 method exhibits significantly higher impacts than CaL-OXY 

and CaL-SOL methods, particularly when ammonia is produced via PV electrolysis. This is primarily 

due to the material extraction, energy consumption, and chemical use involved in manufacturing PV 

panels, which releases acidifying gases and water pollutants. Similarly, wind-powered electrolysis for 

ammonia production also contributes to AP and EP due to emissions from the manufacturing of 

turbines and electrolyzers. Besides, biomass and coal gasification routes, including those using CCS, 

further increase AP and EP due to emissions from gasification and chemical usage. 

Regarding RI, systems employing CaL technologies for CO2 capture exhibit significantly higher 

impacts than NGCC plants. This is primarily due to particulate emissions during CaCO3 production 

and CaO disposal processes. Ammonia-based systems powered by renewable sources, particularly 

those using wind and biomass, show relatively lower RI due to their cleaner production processes. 

However, coal gasification produces higher levels of SOx, NOx, and particulates, contributing to 

elevated RI. Although PV-ammonia systems are relatively clean during operation, the production of 

PV panels involves substantial emissions that increase RI. 

As for ET and HT, the CaL-NH3 method, especially with PV ammonia production, has the highest 

ET and HT due to the materials and chemicals used in manufacturing PV panels. Similarly, the CaL-

NH3 method with wind-based ammonia, and coal gasification with CCS also show elevated toxicity, 
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attributed to heavy metal usage and toxic chemicals during the production and chemical absorption 

processes. Besides, biomass gasification leads to higher ET and HT compared to coal gasification, 

largely due to the complexity of biomass feedstocks and the challenges in controlling harmful 

byproducts during gasification. 

4.2.3 Contribution analysis for various environment impacts 

The previous section compared the various environmental indicators of different carbon capture 

technical routes, and this section will further analyzed the contribution of various sub-processed on 

the environmental indicators. The CaL systems is divided into 11 sub-processes, including plant 

infrastructure, natural gas production and transportation, ammonia production and transportation, 

CaCO3 and water supplies, other supplies, direct emissions, CO2 transport and storage, and plant waste 

treatment processes. Plant infrastructure includes the construction of the power plant and capture unit, 

while natural gas production refers to the extraction and purification of natural gas. Natural gas 

transportation includes the shipping and pipeline transport of liquefied natural gas. Ammonia 

production involves the different ammonia generation methods discussed earlier, and ammonia 

transportation refers to the transportation of ammonia in trucks. CaCO3 supplies cover the extraction 

and transportation of CaCO3, and water supplies include the production and transportation of water. 

Other supplies refer to all materials and energy supplies except CaCO3 and water, such as catalysts. 

Direct emissions account for emissions during power plant operation, while CO2 transport and storage 

cover the construction and energy usage in pipelines and storage wells, including CO2 transport and 

storage processes. Plant waste treatment considers the CaO treatment, waste disposal during plant 

decommissioning and associated energy consumption. 

The results are demonstrated in Fig.11. It is evident that for NGCC plants, over 80% of GWP is 

caused by direct CO2 emissions, while the rest stems from natural gas production and transportation. 

PED, AP, EP, RI, and POEP are also largely driven by the natural gas production process, while WU 

mostly attributable to the operation of power plants. The plant construction, which involves heavy 

metals and chemicals, significantly contributes to ET and HT. 

For the CaL-OXY and CaL-SOL methods, the contribution of each sub-processes to the indicators 

is similar, except for ET and HT. This difference is mainly due to the impact of the construction of 

solar collector fields, which has a greater impact on ET and HT. For the CaL-OXY method, in addition 

to the construction of carbon capture power plants, the construction of CO2 transportation pipelines 
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and storage wells also has notable contributions. Unlike NGCC, the direct CO2 emissions of the CaL-

OXY method and the CaL-SOL method are significantly reduced, shifting GWP impacts primarily to 

natural gas production and transportation. Besides, CO2 transportation and storage, CaCO3 supplies 

and plant waste treatment also made a contribution to AP, EP and POEP, while plant waste treatment 

(CaO treatment) made a significant contribution to RI. 

In the CaL-NH3 system, ammonia production heavily influences all indicators. For GWP, 

ammonia production contributes over 50% of emissions, with the lowest impact from biomass 

gasification (47%) and the highest from coal gasification (89%). In green ammonia pathways, natural 

gas production and transport account for over 90% of PED, while for grey and blue ammonia, coal 

consumption in ammonia production drives more than 70% of primary energy demand. In WU, 

ammonia production adds significant water use, with biomass gasification showing 91% of WU due 

to water-intensive biomass collection. Ammonia production also significantly impacts AP, EP, RI, and 

POEP, with little variation across ammonia sources. In terms of toxicity, coal gasification has minimal 

impact on ET and HT, while other ammonia pathways contribute heavily to both ET (>70%) and HT 

(around 50%). 

 

0%

20%

40%

60%

80%

100%

HTETPOEPRIEPAPWUPEDGWP
(a) NGCC

0%

20%

40%

60%

80%

100%

(b) NGCC-CaL-OXY
HTETPOEPRIEPAPWUPEDGWP



 2  

0%

20%

40%

60%

80%

100%

(d) NGCC-CaL-NH3-PV
HTETPOEPRIEPAPWUPEDGWP0%

20%

40%

60%

80%

100%

(d) NGCC-CaL-NH3-PV
HTETPOEPRIEPAPWUPEDGWP

 

0%

20%

40%

60%

80%

100%

(e) NGCC-CaL-NH3-Wind
HTETPOEPRIEPAPWUPEDGWP0%

20%

40%

60%

80%

100%

(e) NGCC-CaL-NH3-Wind
HTETPOEPRIEPAPWUPEDGWP 0%

20%

40%

60%

80%

100%

(f) NGCC-CaL-NH3-Biomass
HTETPOEPRIEPAPWUPEDGWP

0%

20%

40%

60%

80%

100%

(f) NGCC-CaL-NH3-Biomass
HTETPOEPRIEPAPWUPEDGWP

 

 

 

0%

20%

40%

60%

80%

100%

 
        

      

      

         

(g) NGCC-CaL-NH3-Coal
HTETPOEPRIEPAPWUPEDGWP0%

20%

40%

60%

80%

100%

 
        

      

      

         

(g) NGCC-CaL-NH3-Coal
HTETPOEPRIEPAPWUPEDGWP 0%

20%

40%

60%

80%

100%

(h) NGCC-CaL-NH3-Coal-CCS
HTETPOEPRIEPAPWUPEDGWP0%

20%

40%

60%

80%

100%

(h) NGCC-CaL-NH3-Coal-CCS
HTETPOEPRIEPAPWUPEDGWP

 

0%

20%

40%

60%

80%

100%

(c) NGCC-CaL-SOL
HTETPOEPRIEPAPWUPEDGWP



 2  

 

Fig.11 Contribution analysis of various technologies 

4.2.4 Carbon footprint 

In the previous sections, the impact of various technological pathways on different environmental 

indicators was comprehensively discussed. As GWP is a crucial indicator in environmental impact 

assessment, this section will provide a more detailed analysis of carbon footprint in each sub-processes. 

The aim is to trace the carbon footprint of the system and create a carbon footprint map to identify key 

areas for emission reduction. This analysis will offer guidance for the development of low-carbon 

systems. 

Fig.12-15 illustrate the carbon footprints of the NGCC, CaL-OXY, CaL-SOL, and CaL-NH3-PV 

systems. As shown in the figures, for the NGCC system, the majority of carbon emissions originate 

from the power plant flue gas, accounting for 83.5% of the total emissions, followed by natural gas 

extraction and purification processes, which contribute 14.4%. Emissions from other sub-processes, 

such as power plant construction, decommissioning, water supplies, and natural gas transportation, are 

relatively minor. 

In contrast, the integration of calcium looping capture technology into the power plant leads to 

significant changes in the carbon footprint distribution. For example, in the CaL-OXY system, direct 

carbon emissions from the power plant flue gas are significantly reduced to 26.3% of the total 

emissions. The majority of emissions now come from natural gas production and transportation and 

CaO treatment, with negligible contributions from plant infrastructure and CaCO3 production.  

The carbon footprint distribution of the CaL-SOL system shows a similar overall trend to that of 

the CaL-OXY system. However, due to the shift from oxygen-enriched combustion heating to solar 

thermal heating in the calciner, natural gas consumption is reduced, leading to lower emissions from 

natural gas production and transportation. Additionally, with a 90% capture rate, the CaL-SOL system 

also sees a reduction in direct flue gas emissions. However, the construction of the solar heat collection 

field significantly increases the carbon footprint during the capture unit construction phase. 

When ammonia-driven calcium looping capture is adopted, replacing natural gas with ammonia 

 
 Plant waste treatment CO2 transport and storage 

 Direct emission Other supplies Water supplies

 CaCO3 supplies Ammonia transportation Ammonia production

 Natural gas  transportation Natural gas Production Plant infrastructure
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for oxygen-enriched combustion significantly reduces emissions from natural gas production and 

transportation. Nonetheless, the primary source of emissions for the entire system shifts to ammonia 

production, which accounts for 59.9% of the total emissions, diminishing the impact of power plant 

flue gas on the overall carbon footprint. According to literature predictions [53], with cleaner 

production of photovoltaic panels, the carbon intensity of photovoltaic power generation is expected 

to decrease by nearly 30% by 2050, further reducing the carbon footprint of the CaL-NH3-PV method. 

Based on the analysis of carbon footprint in this study, the influence of different integration 

methods of tail-end and hot-end on GWP is further discussed. For the CaL-OXY system, GWP 

predominantly arise from natural gas production and transportation, direct emissions and CaO 

treatment. Under identical CO₂ capture rates and CaO conversion ratio, different integration methods 

require equivalent CaO processing capacities, rendering negligible influence on GWP. A comparative 

analysis [32] reveals that the hot-end integration strategy reduces direct CO₂ emission intensity by 12% 

(25.8 vs. 29.1 gCO₂/kWh) and natural gas consumption by 7.7% (0.60 vs. 0.65 kW/kWh), resulting in 

a reduced GWP relative to the tail-end strategy—a trend also observed in the CaL-SOL system. In the 

case of the CaL-NH3 system, GWP extends beyond direct emissions and natural gas production and 

transportation processes to include NH3 production and transportation processes. Based on our 

previous research on the hot-end integration method [54], by comparison, it can be known that the hot-

end method demonstrates advantages in direct emission intensity (18.6 vs. 21.1 g/kWh) and natural 

gas consumption (0.85 vs. 0.96 kW/kWh), the tail-end approach requires less NH3 per unit of 

electricity (1.06 vs. 1.13 kW/kWh). Overall, while the hot-end integration approach demonstrates 

potential for lower GWP, the tail-end strategy exhibits reduced NH3 consumption per unit of electricity. 

Since NH3 production pathways significantly influence emissions from NH3 synthesis and 

transportation, the tail-end method may paradoxically achieve GWP when utilizing high-emission NH3 

production methods such as coal-based synthesis, despite its higher operational emissions. 
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Fig.12 Carbon footprint of NGCC 

Fig.13 Carbon footprint of the CaL-OXY system 
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Fig.14 Carbon footprint of the CaL-SOL system 

 

Fig.15 Carbon footprint of the CaL-NH3-PV system 

4.3 Life cycle cost assessment  

The calculation assumption of direct and indirect costs of the plant configuration for life cycle 

cost is listed in Table S4 in the Supplementary Document, and the investment assumptions for 
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equipment based on the scaling factor method are provided in Table S5. And the calculated equipment 

costs for each CaL technology pathway can be found in Tables S10-S11. The main assumptions for 

economic calculations are listed in Table 6. The natural gas price used is the local rate, approximately 

0.42 $/Nm3, and the CO2 transportation cost and CO2 storage cost are assumed to be 1.6 $/t CO2 and 

5 $/t CO2, respectively. 

Table 6 Main assumptions for the economic analysis 

Items Value Ref. 

NG price ($/Nm3) 0.42 [55] 

XOM 0.04 [56] 

discount rate (%), i 12 [56] 

Annual operation time, hours 4000 [55] 

Equipment operation life (years), n 30 [56] 

Green NH3 price, ($/t) 528 [57] 

Ammonia cracking catalyst price, ($/kg)  24.6 [58] 

Catalyst lifetime (years) 5 [58] 

CaCO3 price, ($/t) 22.4 [56] 

CaO disposal cost, ($/t) 11.2 [59] 

CO2 transportation cost, ($/t CO2) 1.6 [60] 

CO2 storage cost, ($/t CO2) 5 [61] 

 

4.3.1 Economic results 

Fig.16 shows the results of Levelized Cost of Electricity (LCOE). After integrating CaL 

technologies, the electricity generation cost increases by 50% to 60%. The LCOE values among the 

three systems are quite close, with the CaL-OXY system having the highest at 0.245 $/kWh, followed 

closely by the CaL-NH3 system at 0.239 $/kWh, while the CaL-SOL system has the lowest cost at 

0.236 $/kWh.  

The high cost of the CaL-OXY system is attributed to the notable decrease in efficiency compared 

to NGCC, leading to a higher operation costs and a substantial increase in LCOE. Conversely, the CaL-

NH3 system benefits from relatively lower efficiency penalties compared to the CaL-OXY system, 

resulting in a lower LCOE. It is worth noting that despite the higher energy penalties of the CaL-SOL 
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system, its economic performance shows a sightly advantage due to the free availability of solar 

resources. This offsets some of the efficiency drawbacks, making it a more cost-effective option in 

terms of long-term operational expenses.  
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Fig.16 LCOE results for NGCC and NGCC capture plants with an annual operation time of 4000 hours 

Fig.17 further compares the results of COR and LCOR for different technology pathways. COR 

is calculated based on the actual amount of CO2 captured, while LCOR is based on the life cycle CO2 

avoided. The results indicate that, despite the highest LCOE of the CaL-OXY system, both COR and 

LCOR becomes lower, especially lower than that of the CaL-NH3-PV system. This discrepancy 

primarily arises from differences in CO2 capture and avoidance amounts. For the CaL-OXY system, 

the main CO2 emissions come from the consumption of carbon-intensive fossil fuels, while the other 

two pathways incorporate renewable energy sources, reducing the carbon content input into the system. 

As a result, the COR and LCOR for systems utilizing renewable energy become higher for per unit of 

CO2. It is also notable that COR and LCOR exhibit different relative trends across the technologies. 

For the CaL-OXY system, the CO2 captured per unit of electricity is 0.46 t/MWh, which is higher than 

the life cycle CO2 avoided per unit of electricity at 0.30 t/MWh. This is because the life cycle 

assessment includes emissions from the initial construction, production, and eventual 

decommissioning stages, resulting in higher LCOR compared to COR, at 308.4 $/t CO2 and 204.2 $/t 

CO2, respectively. In contrast, for the CaL-SOL and CaL-NH3 systems, the CO2 captured per unit of 

electricity is lower than the life cycle CO2 avoided per unit of electricity. This is due to several factors: 
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the replacement of fossil fuels with solar energy and ammonia reduces the amounts of CO2 captured, 

while the remaining energy is used to drive waste heat boilers for electricity generation, significantly 

increasing the electricity output. Consequently, the CO2 capture per unit of electricity decreases 

substantially. Compared to the CaL-OXY system, the COR for the CaL-SOL and CaL-NH3 systems 

increases by 32.4% and 124.1%, respectively, and the LCOR decreases by 19.7% and increases by 

15.9%, respectively. 
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Fig.17 LCOR and COR results for NGCC capture plants with an annual operation time of 4000 hours 

4.3.2 Sensitive analysis 

Considering the significantly impact of fuel costs on life cycle economics, Fig.18 further 

examines how natural gas prices and green ammonia prices affect the LCOR for various technologies. 

The natural gas price is based on the Chinese market, where it fluctuates within the range of 2 to 4 

CNY/Nm3. This price is converted to USD based on the current exchange rate and then rounded. The 

results show differing effects of natural gas prices on the LCOR for each technology. For the CaL-

OXY system, which relies mainly on natural gas, the LCOR increases as natural gas prices rise. When 

the price drops to 0.25 $/Nm³, the LCOR is 284.8 $/t CO2. Conversely, for the CaL-SOL and CaL-

NH3 systems, LCOR increases as natural gas prices fall. This is because lower natural gas prices reduce 

the electricity generation costs of NGCC power plants, which in turn magnifies the influence of factors 

such as solar field investment and ammonia prices on the LCOR. 

For the CaL-NH3-PV system, considering that the current natural gas price is around 0.42 $/Nm3 
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in Chinese market, it is only competitive compared to the CaL-OXY system if the ammonia price drops 

below 450 $/t. Additionally, according to literature predictions, the green ammonia price is expected 

to decrease to 240 $/t by 2050 [62]. It can be observed that when the green ammonia price drops to 

240 $/t, the CaL-NH3 system demonstrates a clear economic advantage across the reasonable range of 

natural gas price fluctuations. If the natural gas price is 0.6 $/Nm3, the LCOR for CaL-OXY, CaL-SOL, 

and CaL-NH3-PV systems would be 334.5 $/t CO2, 223.1 $/t CO2, and 46.5 $/t CO2, respectively. In 

this scenario, the CaL-NH3-PV system shows a significant economic advantage, making it a more 

viable and cost-effective option in the long term for carbon capture and storage technologies.  

Thus, from a life cycle economic perspective, the CaL-SOL system shows a competitive 

advantage at this stage, while the CaL-NH3 system is expected to gain a significant advantage as 

ammonia prices decrease in the future, especially when natural gas prices are high. 
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Fig.18 Sensitivity analysis of NG and green NH3 prices on LCOR (NG price ranging from 0.25 $/t to 0.6 $/t, and 

green NH3 price ranging from 240 $/t (predicted in 2050) to 240 $/t) 

5. Conclusions 

This paper proposes a novel NH3-driven CaL process with thermochemical recuperation method, 

and compares its energy, life cycle environmental, and economic performances with oxy-fuel and 

solar-driven CaL systems for the carbon capture in existing NGCC plants. Some conclusions can be 

drawn as follows: 

(1) The NH3-driven CaL process demonstrates the highest energy efficiency, with an energy 

penalty of only 2.6 points, which is attributed to the superior integration between the calcium looping 
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process and chemical energy of heating fuel. Conversely, the solar-driven CaL method faces the highest 

energy penalty of 14 points due to the lower solar thermal conversion efficiency. And the use of 

renewable energy in the CaL unit enhances green power penetration, leading to a lower carbon 

emission intensity at 31.0 (solar) and 21.4 g CO2-eq/kWh (NH3).  

(2) The NH3-driven CaL method significantly impacts the environment more than oxy-fuel and 

solar-driven methods, with global warming potential values of 207.7 g CO2-eq/kWh for the oxy-fuel 

CaL method, 170.7 for the solar-driven method, and 258.8 g CO2-eq/kWh for the NH3-driven method 

(PV based). When ammonia is sourced from wind power and biomass, the overall environmental 

performance improves compared to other sources. And the solar-driven CaL method has the least 

negative environmental impact. 

(3) Economically, the solar-driven CaL system has the lowest LCOE and LCOR at 0.236 $/kWh 

and 247.7 $/t CO2, respectively. With anticipated reductions in ammonia prices (in the future or using 

abandoned wind and solar power for production at present), the NH3-driven CaL method could become 

more competitive, especially when natural gas prices rise. Specially, when the ammonia price drops to 

240 $/t, if the natural gas price is 0.6 $/Nm3, the LCOR for oxy-fuel CaL, solar-driven, and NH3-driven 

methods would be 334.5 $/t CO2, 223.1 $/t CO2, and 46.5 $/t CO2, respectively.  

Thus, from a life cycle environmental and economical perspective, the CaL-SOL system shows a 

competitive advantage at this stage, while the CaL-NH3 system is expected to gain a significant 

advantage in economic as ammonia prices decrease in the future, especially when natural gas prices 

are high. At the same time, attention should be paid to the clean production process of ammonia to 

reduce its impact on the environment, such as the use of environmentally friendly materials, the 

improvement of energy efficiency in production processes and the use of clean energy. 
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