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Techno-economic analysis of direct air carbon capture and hydrogen 
production integrated with a small modular reactor 
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H I G H L I G H T S  

• A sustainable energy system that combines direct air carbon capture and hydrogen production has been proposed. 
• Thorough techno-economic analyses provide valuable insights into its feasibility and potential. 
• By 2050, projected levelised costs are $40/tCO2 for carbon capture and $1.50/kgH2 for hydrogen production. 
• A comprehensive cost comparison offers valuable benchmarks against competing technologies.  
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A B S T R A C T   

This study aims to explore the techno-economic potential of harnessing waste heat from a Small Modular Reactor 
(SMR) to fuel Direct Air Carbon Capture (DACC) and High Temperature Steam Electrolysis (HTSE) technologies. 
The proposed system’s material flows, and energy demands are modelled via the ASPEN Plus v12.1 where results 
are utilised to provide estimates of the Levelised Cost of DACC (LCOD) and Levelised Cost of Hydrogen (LCOH). 
The majority of thermal energy and electrical utilities are assumed to be supplied directly by the SMR. A 
sensitivity analysis is then performed to investigate the effects of core operational parameters of the system. Key 
results indicate levelised costs of 4.66 $/kgH2 at energy demands of 34.37 kWh/kgH2 and 0.02 kWh/kgH2 
thermal for HTSE hydrogen production, and 124.15 $/tCO2 at energy demands of 31.67 kWh/tCO2 and 126.33 
kWh/tCO2 thermal for carbon capture; parameters with most impact on levelised costs are air intake and steam 
feed for LCOD and LCOH, respectively. Both levelised costs, i.e., LCOD and LCOH would decrease with the 
production scale. The study implies that an integrated system of DACC and HTSE provided the best cost-benefit 
results, however, the cost-benefit analysis is heavily subjective to geography, politics, and grid demand.   

1. Introduction 

1.1. Motivation 

Greenhouse Gas (GHG) emissions, of which are released through the 
combustion of fossil fuels, are a predominant contributor to climate 
change [1]. The majority of GHG emissions can be attributed to CO2, 
making up around 75% of total emissions, reaching 33.8 bt (419 ppm) in 
2022 and is set to rise [1,2]. Of these figures, the power sector, elec-
tricity generation, and heat generation contribute to 40% of CO2 pro-
duction [3]. This presents an incentive to decarbonise such sectors. 
Carbon capture technologies exist today and are typically employed to 
mitigate carbon emissions from specific processes in isolated conditions, 

i.e., from point sources. These strategies are commonly found in in-
dustrial processes such as steel and cement production, or from the 
scrubbing of flue gas, and can occur pre or post-combustion [4,5]. 

In this context, Direct Air Carbon Capture (DACC) offers the potential 
to achieve a net-zero carbon future by extracting CO2 directly from the 
atmosphere, irrespective of emission sources. The technology can store 
the captured CO2 underground or use it as a climate-neutral resource, 
addressing emissions from various sectors such as heavy industry, en-
ergy and transportation while removing atmospheric CO2 [6]. However, 
DACC is associated with high costs, exceeding those of other CO2 cap-
ture technologies [7]. These costs depend on factors such as the 
capturing technology used, energy expenses, plant configuration, and 
other economic parameters [6]. Currently DACC technology is still in 
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infancy and hence current techno-economics of the systems exhibit large 
degrees of ambiguity. The novelty of said systems arises from their 
ability to remove atmospheric carbon from non-centralised, hard to 
abate sectors, such as the transport sector which accounted for 
approximately 25% of global emissions in 2020 [2,8]. Hence, DACC is 
presented as a crucial method for achieving net-zero. The journey to net- 
zero requires alternative fuel sources to phase out fossil fuel use — one 
popular area of research for this is the use of hydrogen. The calorific 
content of hydrogen and its lack of emissions when combusted makes it 
an attractive option to satisfy future energy demands across sectors such 
as power, heating, and transport [9]. However, the vast majority of 
hydrogen production is sustained through polluting processes and hence 
a new method of large-scale hydrogen production must be investigated if 
it is to be mass produced in a net-zero scenario [10]. In this context, 
hydrogen production through electrolysis could play a significant role. 
This process involves the use of an electric current to split water into its 
constituent elements, hydrogen and oxygen, both of which are non- 
polluting. Electrolysis technologies can be broadly categorised based 
on their operating temperatures, namely Low-Temperature Steam 
Electrolysis (LTSE) and High-Temperature Steam Electrolysis (HTSE) 
[11]. HTSE technology, particularly solid oxide electrolyser, is suitable 
for cogeneration opportunities due to the availability of a higher amount 
of waste heat. However, solid oxide electrolysis technology faces chal-
lenges in relation to stability and degradation [12], these issues must be 
addressed before considering large-scale commercialisation. Small 
Modular Reactors (SMR) are classified as nuclear reactors with an output 
of less than 300 MW or 1000 MW [13].The reactors are an attractive 
option over classic fossil fuel powered plants due to their smaller size 
and modular capabilities, making them more versatile in their con-
struction and application. The high heat outputs of SMRs make them 
viable fuel sources for powering DACC and hydrogen production as 
secondary processes. Henceforth, if waste-heat from SMR workings can 
be harnessed and repurposed for the aforementioned processes, there is 
a possibility for net negative cogeneration to occur, where system effi-
ciencies have the potential to reach 90% [14]. These power plants are 
novel but not yet mature enough for industrial rollout. 

1.2. Literature review 

Despite being in its early stages, DACC has made significant ad-
vancements in recent years and is a highly dynamic field of study. By 
2030, it is predicted that annual CO2 capture could increase by over 700 
times current capture rates, reaching 5.5 MtCO2/yr by 2030, and a total 
of 44.2 MtCO2/yr including early development projects [15]. Funding 
for this sector has reached around $180 million in private investment 
and $170 million from public sources for research and development 
[16]. Capture costs for DACC vary widely and are heavily influenced by 
the type of DACC technology utilised; price ranges are often quoted to be 
100–1000 $/tCO2, but can be narrowed down to 134–344 $/tCO2 ac-
cording to the IEA [16]. Atmospheric carbon is still accumulating and 
hence nonpoint source removal processes are required — this is the 
appeal of DACC methods. Employing such systems can help facilitate the 
production of green fuels such as hydrogen and further contribute to 
achieving net-zero ambitions. DACC technologies can be classified into 
two major categories: High Temperature (HT) and Low Temperature 
(LT) technologies. This typically refers to Liquid DACC or Solid DACC, 
respectively. When identifying the technologies based on their makeup, 
systems can be classified as strong base aqueous solutions, amine ad-
sorptions, and inorganic solid sorbents [17]. High Temperature (HT) 
DACC typically refers to systems which utilise basic or alkaline solu-
tions, typically operating between temperatures of 300–900 ◦C for the 
regeneration process, depending on system parameters [17]. Because of 
this, energy demand within the system predominantly originates from 
heating requirements. Despite there being a limited number of DACC 
companies to date, Carbon Engineering are commonly cited as utilising 
HT DACC technology with hydroxide sorbents, namely potassium 

hydroxide (KOH), in their in-development commercial DACC plant [18]. 
The setup comprises of four major units: the air contactor, pellet reactor, 
slaker, and calciner. The estimated carbon intake for this project is 
stated to be 1MtCO2/yr where continuous operation is assumed and a 
resultant levelised cost of CO2 captured is stated to be in the range of 
94–232 $/tCO2 [17]. However, this financial estimation has been 
criticised by both industry and academic professionals as being too 
optimistic, where alternative values of 600–1000 $/tCO2 are suggested 
as a more realistic pricing range [19]. 

A benefit of HT DACC compared to its Low Temperature (LT) 
counterpart is the system’s ability to withstand degradation of its con-
tactor and thus requires less spending for replacing parts [20]. This 
drastically extends the lifetime of the plant and helps reduce operating 
expenditure (OPEX). Conversely to HT DACC, LT DACC is predomi-
nantly comprised of a solid adsorbent operating under low pressure and 
requires lower temperatures to facilitate regeneration. Hence, a reduced 
heat demand is exhibited which contributes to cheaper operating costs 
[8]. Because of these features, this technology is often the predominant 
suggested method to harness low-grade waste heat to power its pro-
cesses [21]. The general make-up of LT DACC is an amine base that is 
bonded to a porous structure - industry examples of such setups are 
demonstrated by Climeworks [22] and Global Thermostat [23]. 

As mentioned previously, LT technology is typically more affordable 
compared to HT DACC and is reflected in the pricing estimations of 
around 233 $/tCO2 when fuelled from nuclear waste heat [24]. How-
ever, price ranges can be affected by the choice of energy source for the 
system, the system scale, and the location of the plant itself; these factors 
also apply to HT DACC. From these variables and the differing 
economical and energy consumption assumptions, values quoted from 
various literature for LT DACC range from 75 to 730 $/tCO2 [8,25]. 
Although cheaper on average, the OPEX associated with having to 
replace the physical contactor does impact the project’s financials over 
an extended period of time [20]. 

Global hydrogen production is estimated at 75 Mt., equating to 9 EJ/ 
yr [9]. Narrowing the scope to Europe, the future continental demand is 
predicted to reach 16.9 Mt. by 2030, with approximately 49% expected 
to be produced from electrolysis-based methods with carbon capture, 
44% from electricity supplied by renewable energy sources, and 7% 
from coal gasification [9]. However, despite the various technologies 
available, 96% of global hydrogen production is produced via fossil fuel 
powered methods, of which steam methane reforming is most prevalent 
[26]. Current methods therefore contribute to a significant amount of 
CO2 production where an average of 889 MtCO2 was released between 
2019 and 2021 resulting in an average emission intensity of 9.7 gCO2/ 
gH2 across the range given [10]. Hence, hydrogen production technol-
ogies are now subject to new growth catalysed by the increase in de-
mand for alternative and sustainable fuels as well as energy storage 
options [9]. Hydrogen as an energy store is being explored to harness 
excess nuclear power that is produced due to fluctuations in grid de-
mand. This can allow for a more versatile energy network, particularly 
as renewables become increasingly incorporated to satisfy energy de-
mands, and hence less energy wastage. Furthermore, many initiatives 
revolving nuclear‑hydrogen cogeneration are being pushed forward to 
allow for clean power and hydrogen production — of note is the UK’s 
plan to implement 10 GW of low-carbon hydrogen production capacity 
by 2030 [27]. The majority of such investigations are in preliminary 
stages and so are not commercially viable. Nevertheless, low-carbon 
hydrogen production demand is present and nuclear cogeneration is 
becoming an increasingly attractive option due to its stable operation. 
Ideas of incorporating renewable energy sources to assist in production, 
such as wind, are also being explored, although volatility of such sources 
presents difficulties when considering their incorporation into current 
energy infrastructure. 

Hydrogen production technologies are well established in industry. 
Key methods include: electrolysis with varying electrolysers (Alkaline, 
Polymer Electrolyte Membranes, Solid Oxide), natural gas reforming, 
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biomass gasification, biomass derived liquid reforming, and solar ther-
mochemical hydrogen [28]. Of these methods, only electrolysis-based 
production and solar thermochemical splitting provide the framework 
for carbon offsetting of hydrogen. Investigations on utilising industrial 
waste heat to partially fuel HTSE have been explored in the literature. 
HTSE functions by splitting water into hydrogen and oxygen via solid 
oxide electrolysis cells where process heat is typically used to reduce the 
amount of electricity utilised [29]. Operating temperature ranges have 
displayed small variation in the literature, with the overall operating 
range within 750–1000 ◦C [30,31]. Although pure hydrogen is desired 
in some cases, the production of hydrogen is being explored in 
conjunction with carbon dioxide usage to diversify the products pro-
duced. This pairs the production of hydrogen with DACC to propose a 
beneficial working relationship, facilitating the production of alterna-
tive fuels and industry process materials such as ammonia [32]. 

Limited research has been conducted on directly utilising the waste 
heat from SMR processes for alternative production methods, though 
this area presents promising opportunity in assisting in worldwide 
decarbonisation and exploring more effective uses of SMR technology. 
Literature data does support the notion that waste heat from a high 
temperature SMR would be sufficient in powering the additional pro-
cesses of DACC and HTSE. From this, the overall system efficiency has 
potential to reach 90% and beyond, assuming that the majority of waste 
heat can be harnessed effectively [10]. This is particularly promising 
when considering the constant annual operation of the reactor and the 
fluctuation in public energy demand from the grid. During off-peak 
hours, the reactor is supplying more than the required demand; taking 
the opportunity to utilise this additional energy towards CO2 extraction 
and hydrogen production presents the possibility of increasing plant 
revenue as the output materials could be sold or repurposed further into 
other sought after goods. Such goods would be dependent on market 
demands. 

Hydrogen production systems have been studied and documented in 
literature. For instance, Hosseini [33] investigated a hybrid system 
integrating a gas turbine (GT) fuelled by biogas, complemented by a 
solid oxide electrolyser subsystem for hydrogen generation. The findings 
illustrated that through the purification of biogas and the increase of 
CH4 concentration to 80%, the hybrid system would generate more 
electrical power by 24% and produce more hydrogen by 20%. Assareh 
et al. [34] analysed the techno-economic performance of a hybrid sys-
tem which integrated photovoltaic thermal (PVT), absorption chiller, 
organic Rankine cycle and polymer electrolyte membrane (PEM) elec-
trolyser. Their system would achieve the highest hydrogen production 
rates, reaching approximately 0.25 kg/h with an estimated cost of 1.29 
$/kWh. Wang et al. [35] investigated the techno-economic performance 
of a cogeneration system which integrated plasma gasification, meth-
anol synthesis, supercritical CO2 cycle and alkaline electrolyser. They 
reported that their proposed system could recover the initial investment 
in just 3.53 years, and over its 20-year operational lifespan, the waste-to- 
energy project could generate a net present value of 355,318.47 k$. 
Locatelli et al. [36] assessed the feasibility of incorporating SMR with 
alkaline electrolyser, HTSE and sulphur‑iodine cycle. They indicated 
that operating an alkaline electrolyser facility would become economi-
cally viable when the selling price of hydrogen reached or exceeded 
€0.40 per Nm3. Coppitters et al. [37] conducted a sensitivity analysis on 
hydrogen production by integrating PEME with a photovoltaic system 
under various climatic conditions. Their findings revealed that the lev-
elised cost of hydrogen would range from 6.3 €/kg to 10.5 €/kg, 
showcasing the variability across different scenarios. Bhandari and Shah 
[38] conducted a techno-economic evaluation of integrating solar 
photovoltaic with alkaline electrolysis and PEME in both grid-connected 
and off-grid configurations. They reported that the most cost-effective 
approach for hydrogen production would be the grid-connected solar 
photovoltaic system combined with alkaline electrolysers, offering 6.23 
€/kg as the levelised cost of hydrogen (LCOH). Yilmaz [39] investigated 
techno-economic analysis of a hybrid system integrating a combined 

flash-binary geothermal power plant with alkaline electrolyser for 
hydrogen production. Their cost of electricity and hydrogen were esti-
mated as 0.01066 $/kWh, and 1.088 $/kg, respectively. Bhattacharyya 
et al. [40] integrated a stand-alone photovoltaic energy system with an 
alkaline electrolyser for hydrogen production, considering real-world 
ambient conditions. Their annual average hydrogen production rate 
was estimated as 10.5 Nm3/h. 

1.3. Novelty and contribution 

Table 1 summarises previous studies related to DACC. The concept of 
combining waste heat for DACC and hydrogen production has not been 
fully explored, thus research regarding technical feasibility as well as 
cost analysis for such designs is required. While various established 
methods exist for hydrogen production with associated costs, this is not 
the case for DACC as ranges are vast and unreliable, nor is there suffi-
cient techno-economic data available for such an integrated system. 
Through an extensive review of the existing literature and to the best of 
the authors’ knowledge, it is evident that no techno-economic study 
exploring the production of hydrogen using a HTSE, alongside the 
integration of a DACC facility with a SMR, exists in the literature. 
Henceforth, this paper aims to explore the techno-economic plausibility 
of an integrated DACC and HTSE hydrogen production system powered 
by SMR, and various scenarios are investigated to assess its feasibility. 

A proposed schematic highlighting potential avenues for hydrogen 
production and carbon capture is highlighted in Fig. 1, with circled areas 
highlighting areas of interest for this study. The majority of waste heat 
will be categorised in the medium to high grade range, making it a 
suitable source for fuelling LT and HT DACC, as well as HTSE for 
additional hydrogen production. Electrical energy demands can be 
harnessed from the primary energy output of the SMR, allowing for 
optimised operational efficiency and better system assimilation. The 
major contributions of the study are listed below:  

• Conceptualisation of an integrated system comprising small modular 
reactors, DACC, and HTSE technologies.  

• Techno-economic assessment of the proposed system has been 
performed.  

• Comparison of levelised costs across different technologies and 
various scenarios has been performed.  

• Sensitivity analysis has been conducted, and levelised costs are 
projected up to the year 2050 scenario.  

• The study sheds light on the cost-competitiveness of the proposed 
integrated system in the current context and discusses potential 
future scenarios, envisioning a reduction in costs as climate policies 
become stricter and demand for these technologies increases. 

1.4. Organisation 

In Section 2, “materials and methods,” the system description and 
the techno-economic modelling of the proposed energy system are 
detailed. Section 3 presents the results of the study, while Section 4 
includes discussions covering technical and economic data analysis, 
implementation, market behaviour, and the exploration of future work. 
Finally, Section 5 offers the conclusion of the study. 

2. Materials and methods 

The investigation can be categorised into two primary parts, of which 
the first facilitates the other. The first section looks into modelling of the 
system utilising the leading process simulation software ASPEN Plus 
v12.1. The second section delves into the economic calculations of the 
simulated plant, where this data is then compared to data found in 
literature to evaluate the validity of results. 
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2.1. System description 

A simplified overview of the system setup is displayed in Fig. 2. The 
proposed system for this paper comprises of a high temperature small 
modular reactor of 36% thermal efficiency. The efficiency value co-
incides with the modal range of SMR efficiencies and represents the 
mean thermal efficiency from the listed reactors suggested in [21]. It is 
important to note that additional heating in the calciner would be 
required to bring the SMR steam temperature up from 800 ◦C to the 
required 900 ◦C; modelling this with a Supplementary Heater block 
utilising nuclear-generated electricity would require 15,789 cal/s or 
around 66 kW. Furthermore, the system utilises a HT KOH solution 
DACC setup as well as HTSE for hydrogen production which have been 
modelled from Carbon Engineering’s DACC setup [18]. Fig. 3 presents 
schematic diagrams for the HTSE model and the DACC model. The DACC 
model is similar to the model presented by [50] and the HTSE model is 
similar to the model presented by [51]. Five blocks are included in the 
DACC model, namely the air contactor, pellet reactor, slaker, calciner, 
and CO2 compression unit. Adjustments have been made to reduce 
system complexity and complications when modelled with other com-
ponents. Electrical demands of the system are met internally by the 
SMR’s electricity production. These setups should theoretically be able 
to be facilitated via the waste heat produced from a high temperature 
reactor. The model was developed using the ASPEN Plus flowsheet 
model. The liquid phase utilised the ELECTROLYTE NRTL property 
method, while the gas phase employed the Soave-Redlich-Kwong 
equation of state (SRK-EoS) property method. A summary of the input 
parameters and operating conditions of both systems can be found in 
Table 2. 

2.2. Direct air carbon capture (DACC) 

The DAAC process was detailed in [17] as highlighted here. During 
the process, ambient air is drawn through the air contactor unit, where 
its CO2 content reacts with the aqueous KOH solution to form potassium 
carbonate (K2CO3), as presented in Eq. (1). K2CO3 solution is then 
pumped into the pellet reactor, which contains calcium carbonate 
(CaCO3) pellets suspended in the reactor. A slurry of calcium hydroxide 
(Ca(OH)2) is injected at the bottom of the reactor, driving the dissolution 
of Ca(OH)2 and the precipitation of CaCO3, as presented in Eq. (2). 
CaCO3 pellets are added at the top of the reactor. As they grow, they 
discharge from the bottom of the reactor to the calciner, where CaCO3 is 
thermally decomposed at approximately 900 ◦C to yield CO2 and cal-
cium oxide (CaO), as presented in Eq. (3). The CO2 stream is then 
compressed and cooled in the compression unit, ready to be sequestered 
or sold and transported. In the slaker unit, CaO is hydrated to form Ca 
(OH)2, which can then be fed back into the pellet reactor, as presented in 
Eq. (4). The chemical reactions for the process [17] are summarised 
below. 

2KOH +CO2→K2CO3 +H2O (1)  

K2CO3 +Ca(OH)2→2KOH +CaCO3 (2)  

CaCO3→CaO+CO2 (3)  

CaO+H2O→Ca(OH)2 (4)  

2.3. High temperature steam electrolysis (HTSE) 

The HTSE model considered in the analysis produces hydrogen 
consuming the required electricity and heat supplied by a SMR. The 
electrochemical reactions that occurred in the solid oxide electrolyser 
stack are given in Eqs. (5)–(7) [51]: 

H2O+ 2e− →H2 +O2− (Cathode) (5) 

Table 1 
Previous DACC integrated studies found in the literature.  

Ref System configuration Methods Major results 

[41]  • DACC, PEM 
electrolyser, and 
methanation unit 

Thermodynamic, 
economic, and 
environmental 

analyses  

• The exergy efficiency 
ranges from 51.3% to 
52.6%.  

• The levelised cost of 
synthetic natural gas 
ranges from 130 
€/MWh to 744 
€/MWh. 

[42]  • DACC with CO2 

utilisation employing 
HTSE 

Economic analysis  • The levelised cost is 
reported as 382 $/t 
CO2. 

[43]  • DACC, Solid Oxide 
electrolyser, and 
electric grid 

Technical analysis  • The start-up time from 
hot-standby to 70% of 
nominal load 
decreased by a factor 
of five times. 

[32]  • DACC, ammonia 
production  

• DACC and methanol 
production 

Economic study  • The ammonia-based 
infrastructure exhibits 
the lowest levelised 
cost of energy trans-
mission, amounting to 
$10.1 per gigajoule 
(GJ). 

[44]  • DACC, PEM 
electrolyser, and CO2- 
based alternative fuel 
production 

Technical and 
economic analyses  

• Methanol, dimethyl 
ether (DME), and 
methane fuel systems 
exhibit hydrogen-to- 
fuel energy effi-
ciencies of 88.4%, 
85.2%, and 83.3%, 
respectively, along 
with exergetic effi-
ciencies of 92.9%, 
92.1%, and 86.2%.  

• The costs of storage 
for methane, 
methanol, and DME 
fuel pathways are 
found to be 0.239 
$/kWh, 0.251 $/kWh, 
and 0.244 $/kWh, 
respectively. 

[45]  • DACC integrated with 
heating, ventilation 
and air conditioning 
(HVAC) system 

Thermodynamic 
study  

• The optimal exergy 
efficiency is 81.9%, 
and the coefficient of 
performance (COP) is 
7.21. 

[46]  • DACC powered by 
natural gas combined 
cycle (NGCC) plant 
and post combustion 
carbon capture 

Techno-economic 
analyses  

• A CO2 price ranging 
from $150 to $225 per 
tonne is necessary to 
achieve a positive net 
present value (NPV). 

[47]  • DACC based on algae- 
based coating 

Techno-economic 
analysis  

• The carbon removal 
efficiency ranges from 
44% to 51%, while the 
sequestration costs 
range from $702 to 
$1585 per tonne of 
CO2. 

[48]  • DACC using Two 
conventional 
adsorption processes, 
Vacuum-pressure 
swing adsorption 
(VPSA) and 
temperature-vacuum 
swing adsorption 
(TVSA) cycles 

Thermodynamic 
analysis  

• The optimal exergy 
efficiencies for SIFSIX- 
3-Ni, NbOFFIVE-3-Ni, 
N2H4/Mg-MOF-74, 
TRI/PE-MCM-41, and 
DETA/PPN-6 are 
32.5%, 43.9%, 50.5%, 
49.5%, and 50.9%, 
respectively. 

[49]  • DACC+ heat 
recovery+
Electrolyser 

Technical analysis  • At an equilibrium cell 
voltage of 1.5, excess 
heat production 
amounts to 475 kJ per 
mole of captured CO2.  
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O2− →0.5O2 + 2e− (Anode) (6)  

H2O→H2 + 0.5O2 (Overall reaction) (7) 

The Nernst voltage, E (V), can be estimated by following Eqs. (8)–(9) 
[51]: 

E = E0 +
RT
2F

ln

(
PH2 × P0.5

O2

PH2O

)

(8)  

E0 = 1.253 − 2.4516× 10− 4T (9)  

where E0 is the standard voltage (V); R is the ideal gas constant; T is the 
operating temperature of electrolyser (K); F is the Faraday’s constant 
(96,485C/mol); and PH2 , PH2O and PO2 are the partial pressures of 

hydrogen, steam, and oxygen, respectively (kPa), which are measured 
using the following equations [54]. 

PH2 = xH2 ×Pcell (10)  

PO2 = xO2 ×Pcell (11)  

PH2O = xH2O ×Pcell (12)  

where xH2 , xO2 , and xH2O are molar fractions of hydrogen, oxygen, and 
steam, respectively. Operating pressure of the HTSE is denoted by Pcell. 
The cell voltage of the solid oxide electrolyser, VSOE (V), can be esti-
mated by using Eq. (13) [51]: 

VSOE = E +VACT +VOhm +VCon (13)  

where, VACT, VOhm and VCon represent activation overpotential, ohmic 

Fig. 1. Scope of the work. (Areas of interest for this study are circled in green). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Proposed system comprising of HT DACC, HTSE based hydrogen production, and waste heat from a high temperature SMR.  
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Fig. 3. Schematic diagram of (a) HTSE model; (b) DACC model.  
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overpotential and concentration overpotential, respectively (V). 
The activation overpotential is the total energy loss due to chemical 

kinetics of the electrochemical reactions at the anode and cathode 
respectively, VACT,a and VACT,c, and can be calculated by the following 
relations [51]: 

VACT = VACT,a +VACT,c (14)  

VACT,i =
RT
F

ln

⎡

⎢
⎣

j
2j0,i

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

j
2j0,i

)2

+ 1

√
√
√
√

⎤

⎥
⎦ (15)  

j0,i = γi × exp
(

−
EAACT,i

RT

)

(16)  

where j is the current density (A/m2), j0,i is the exchange current density 
at the anode (i = a) and cathode (i = c); γi is the pre-exponential factor 
(A/m2), and EAACT,i is the activation energy of the cathode and anode 
respectively (J/mol.K). 

The ohmic overpotential, VOhm, is related to the loss due to a resis-
tance within the electrolyte layer, which can be estimated using Eq. (17) 
[51]: 

VOhm = 2.99× 105 × j× L× exp
(

10300
T

)

(17)  

where L is the electrolyte thickness (m). 
The concentration overpotential, VCon (V), can be estimated as the 

total concentration overpotential at the cathode and anode, VCon,c and 
VCon,a respectively, by following Eqs. (18)–(20) [51], which is associated 
by the mass transfer resistance between the electrodes and electrolyte: 

VCon = VCon,c + VCon,a (18)  

VCon,c =
RT
2F

ln

[(
PH2 + jRTdc

/
2FDeff

H2O
)
PH2O

(
PH2O − jRTdc

/
2FDeff

H2O
)
PH2

]

(19)  

VCon,a =
RT
4F

ln

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(PO2 )
2
+ (jRTμda/2FBG )

√

PO2

⎞

⎠ (20)  

where Deff
H2O, μ and BG are effective diffusion coefficient of steam, dy-

namic viscosity of oxygen (kg/(m‧s)) and flow permeability (m2), 
respectively. 

2.4. Economic analysis 

Economic evaluation will be undertaken by utilising key economic 
measures such as: estimations of Capital Expenditure, CAPEX ($); 
Operational Expenditure, OPEX ($); the Levelised Cost of Electricity, 
LCOE ($/kWh); Levelised Cost of DACC, LCOD ($/t); and Levelised Cost 
of Hydrogen, LCOH ($/kg). Upon acquiring these values, a sensitivity 
analysis can be conducted to explore the impact of various operating 
conditions on the system and how these impact the levelised costs 

derived. An analysis into the movements of the energy sector will be 
considered and used to assess the market competitiveness of such 
technologies, based upon publicly available data, in conjunction with 
the aforementioned economic measures. This will be used to charac-
terise the technology readiness level of such a facility as well as estab-
lishing its place in the green energy transition. 

The total life cycle costs, TLCC ($) of the system can be estimated by 
Eq. 21: 

TLCC = CAPEX +
∑N

n=0

OPEXn + O&Mn

(1 + d)n (21)  

where CAPEX is the Capital Expenditure costs, N is the lifetime of the 
system, n is the operational year, OPEX is the Operating Expenditure, 
O&M is the Operation and Management costs, d is the discount rate. 

The Levelised cost of DACC, LCOD ($/t) is defined by the following 
relation: 

LCOD =
TLCCDACC

∑N

n=1

mCO2
(1+d)n

(22)  

where mCO2 is mass of CO2 captured (t). 
The Levelised cost of Hydrogen, LCOH ($/kg) is defined by the 

following relation: 

LCOH =
TLCCHTSE

∑N

n=1

mH2
(1+d)n

(23)  

where mH2 is mass of hydrogen produced (kg). 
The capital recovery factor (CRF) can be defined by the following eq. 

[8]: 

CRF =
WACC(1 + WACC)N

(1 + WACC)N
− 1

(24)  

where WACC is the Weighted Average Cost of Capital. 

3. Results 

3.1. Technical evaluation 

Key system performance metrics for both base cases of DACC and 
HTSE are summarised in Table 3. It indicates that a CO2 capture rate of 
112 t/h at an electrical energy demand of 3482 kW and a much larger 
thermal demand of 14,151.38 kW, corresponding to an electrical utility 
cost of 270 $/h. This results in an estimated electrical power demand to 
tonne of CO2 captured of 31.67 kWh/tCO2. Additionally, a hydrogen 
production rate of 0.2 t/h at an electrical energy demand of 6880 kW 
and a thermal demand of 4.49 kW, equating to an electrical utility cost of 
533 $/h. Utilising the aforementioned steam feed of 1922 kg/h yields an 
electrical power demand to hydrogen production ratio of 34.37 kWh/ 
kgH2. Energy requirements and costs associated with compression have 
not been included in order to provide a more focused overview of the 
key operations of such systems - compression specifications are influ-
enced on the intended use of the system outputs and hence would 

Table 2 
Base case input parameters.  

Sub-system Parameter Unit Value Ref. 

SMR Power Rating MW 300 [13] 
Thermal Efficiency % 36 [25] 

DACC 

Air Intake Flow Rate t/h 251,000 [50] 
Air Intake Temperature ◦C 21 [50] 
Air Intake Pressure atm 1 [50] 
KOH Solution t/h 4394 [50] 

HTSE 
Operating Temperature ◦C 800 [52] 
Operating Pressure bar 5 [52] 
Steam Utilisation Rate % 80 [53]  

Table 3 
Summary of simulation outputs for both the HTSE and DACC units.  

Parameter Unit Value 

DACC HTSE 

Production / Capture Rate t/h 112.02 0.20 
Electrical Energy Demand kW 3482 6880 
Thermal Energy Demand kW 14,151.38 4.49 

Electrical Energy Cost $/h 269.85 532.92 
Efficiency % – 91.31  
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detract from the primary energy demands of the systems if included. 
Investigations regarding the CO2 content captured in the DACC 

system were conducted by varying mass flow rate of the KOH aqueous 
sorbent being introduced into the system. This was performed by 
incrementally altering a Design Specification implemented in the 
simulation that essentially regulates the ratio between the CO2 purged 
against the CO2 introduced to the system, where the difference between 
these values indicates the net captured CO2. Higher specification ratio 
indicates that less CO2 is captured from the air. In the analysis, the 
specification ratio was varied from 0.1 to 0.9, where values beyond 0.9 
yielded simulation errors. Results are highlighted in Fig. 4 along with 
the estimated utility demand. 

Fig. 4 shows that an increase in flow rate of KOH sorbent from 0.5 to 
5.6 kt/h results in an increase in CO2 capture rate alongside power de-
mand, where maximum CO2 captured reached 135.5 t/h at a utility 
power demand of 3.49 MW. This gave a value of 25.7 kWh/tCO2 
captured. Utility pricing for the DACC system ranged from 265 to 270 
$/h; this appeared to have a positive correlation between utility pricing 
and mass flow rate of sorbent, and hence CO2 captured. 

A similar investigation into the hydrogen output was conducted in 
order to deduce a possible output range for the HTSE system, which is 
highlighted in Fig. 5. This was performed via a sensitivity analysis where 
steam feed was varied from 1000 to 10,000 kg/h. Control variables 
regarding the temperatures and pressures of the steam input stream and 
electrolyser were maintained at 800 ◦C and 5 bar in order to reflect the 
typical operating conditions as expressed in literature. 

Here a positive linear correlation between steam feed, hydrogen 
output, and stack power demand can be identified. The maximum 
hydrogen generated from the simulation was recorded at 1041.9 kg/h at 
a steam feed of 10,000 kg/h and a resulting stack power demand of 35.8 
MW, equating to 34.37 kWh/kgH2 which is same as the specific power 
demand for producing 1 kg hydrogen in the base case. Moreover, utility 
pricing data ranged from 277 to 2773 $/h based on an increase in steam 
feed. 

To assess the factors affecting the specific power demand for pro-
ducing hydrogen, a sensitivity analysis of steam utilisation rate was 
performed, and its effects on the hydrogen output and specific power 
demand are shown in Fig. 6. The steam input was based on the base case, 
i.e., 1922 kg/h at 800 ◦C and 5 bar. The results show that 100% con-
version of steam could produce the maximum hydrogen of 215 kg/hr 
and reduce the power demand for producing 1 kg hydrogen to 34.36 
kWh/kgH2. Although it is difficult to achieve 100% steam feed uti-
lisation in actual operation of the HTSE, improved steam utilisation is 
essential to increase hydrogen production and reduce energy 

requirement. 

3.2. Economic evaluation 

Utilising the base case setup and equations discussed in materials and 
method section, key financial parameters are summarised in Table 4, 
along with their assumptions. Sensitivity analyses were conducted in 
order to explore the effect of various parameters on the calculated lev-
elised costs to capture and produce CO2 and hydrogen, respectively. 
Data has been normalised to the base case scenarios to highlight how 
many times more or less the levelised costs vary compared to their 
baselines. Results are provided via tornado plots to give a visual indi-
cation to the weight of analysed parameters on levelised costs as shown 
in Figs. 7 and 8. The grey bars of the tornado plots highlight a decrease 
from the base case parameter value and bars in red highlight an increase 
from said values, with the respective values used for the analysis at 
either end of the bars. 

In Fig. 7, the DACC system appears to be heavily reliant on air intake, 
where less air intake results in a considerably higher LCOD. Reducing 
the air intake by 20% drastically increased the levelised cost of carbon 
capture by 13.29 times the magnitude of the base case LCOD. However, 
increasing the intake to 301,200 t/hr resulted in a 13% reduction in 
costing. This equated to levelised costs of 1650 $/tCO2 and 103 $/tCO2, 
respectively. Electrical utility costs and plant lifetime made minimal 
relative impact to costing, where electrical utility costs resulted in 
LCODs of 123.66 $/tCO2 and 124.63 $/tCO2. A reduction in plant life-
time to 20 years resulted in 132.49 $/tCO2 and 119.27 $/tCO2 when 
increased to 30 years. 

From Fig. 8, it can be seen that the mass flow rate of steam feed had 
the largest impact on the HTSE system’s economic performance, 
reaching a maximum deviation of 1.11 times the base case LCOH when 
the inlet steam is reduced by 20% of the base case steam feed, resulting 
in an LCOH of 5.16 $/kgH2. Conversely, when increased by 20%, this 
yielded 0.93 times the original LCOH, giving a reduced value of 4.32 
$/kgH2. Electrical utility cost was varied by 20% either way which 
resulted in deviations of 11% from the original cost, where an increase in 
utility price resulted in an increased value of LCOH. This parameter 
appeared to make the least impact on levelised costs, however, it is 
worth noting that all parameters analysed show minimal deviation from 
the base case LCOH. 

Further analysis on the effects of steam utilisation rate on LCOH 
performance is illustrated in Fig. 9. As the steam utilisation rate in-
creases, the LCOH decreases. This phenomenon is attributed to the 
higher production of hydrogen associated with an increasing steam 

Fig. 4. Correlation between varying KOH solution and CO2 capture rate alongside power demand.  
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utilisation rate. The minimum LCOH is estimated at a 100% steam uti-
lisation rate, while the maximum LCOH is reported at a 40% steam 
utilisation rate, with values of $4.33/kg and $6.28/kg, respectively. 

4. Discussion 

4.1. Data analysis 

The main caveat of this study is the heavy reliance on secondary data 
from various technical simulations to form the parameters for the 
ASPEN Plus model and the nature of economic data extrapolation - both 
of which produce results that are incredibly influenced by initial as-
sumptions imposed on the studies. This is further emphasised when 
considering the Technology Readiness. 

Level (TRL) of the analysed technologies and hence the lack of in-
dustry examples available for accurate and reliable analysis. Both 
technologies are mainly within a TRL range of 6–7, signifying large scale 
prototypes and demonstrated functionality but not to the point of 
maturity to be considered established within industry [8,55]. Further-
more, many studies regarding DACC analysis are based on the same 
reference paper published by Carbon Engineering which may limit the 
range of findings [17]. However, this paper is often used as the 

Fig. 5. Sensitivity analysis of steam feed mass flow rate and its effect on hydrogen output and energy demand of the HTSE unit.  

Fig. 6. Sensitivity analysis of steam utilisation rate and its effect on hydrogen output and specific power demand for producing 1 kg hydrogen.  

Table 4 
Estimated economic parameters assumptions for base case.  

Parameter Units HTSE DACC 

Lifetime yr 25 25 
Production/Capture t/yr 1752 981,321 
CAPEX m$ 28.88 1292.89 
OPEX m$/yr 4.67 2.36 
Discount rate % 9 9 
CRF % 10.2 10.2 
LCOH $/kg 4.66 n.a 
LCOD $/t n.a 124.15  
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benchmark for analysis due to the detailed energy and cost breakdown 
of the plant modelled. It is also one of the few plants that has been 
constructed and functions at a large scale. 

A comparison of levelised costs for CO2 capture is presented in 
Table 5. The LCOD falls within the expected limits for liquid DACC 
methods. This appears to be further validated by the results published by 
Carbon Engineering which claim to have acquired a levelised cost of 

carbon capture in the range of 94–232 $/tCO2 [17]. Point source carbon 
abatement costs are introduced to provide a wider context for current 
cost competitive technologies and applications. The majority of energy 
demand for the DACC system is required for heating purposes in the 
calciner and slaker. Additional heating in the calciner would be required 
from supplementary heater to bring the SMR steam temperature up from 
800 ◦C to the required 900 ◦C. As the majority of thermal energy used is 
from waste heat and electrical utilities are assumed to be supplied 
directly by the reactor, it can be assumed that this would be “free” and 

Fig. 7. Tornado plot of key system parameters and their effect on LCOD.  

Fig. 8. Tornado plot of key system parameters and their effect on LCOH.  

Fig. 9. Effect of steam utilisation rate on LCOH.  

Table 5 
Comparison of LCOD across different technologies and sources [56].  

Technology Unit Value 

Point source: high CO2 concentrations   
Natural Gas Processing $/tCO2 15–25 
Ammonia $/tCO2 25–35 
Hydrogen (Steam Methane Reforming) $/tCO2 50–80 
Point source: low CO2 concentrations   
Iron and steel $/tCO2 40–100 
Power Generation $/tCO2 50–100 
Cement $/tCO2 60–120 
Non-point source: DACC methods   
HT-DACC $/tCO2 95–230 
LT-DACC $/tCO2 100–600 
Present system $/tCO2 124  
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hence would not contribute to the cost of heating, hence the relatively 
low levelised cost reported. 

It is worth noting that the CAPEX and various other costs associated 
with DACC are elusive and unreliable given the immature nature of the 
technology. The predominant factor that would influence the LCOD 
appears to be the air intake, as visualised in Fig. 7. Less air intake would 
increase system costs, particularly when considering that CO2 makes up 
approximately 0.06% of atmospheric air by mass. Hence, it would be in 
the best interest to maximise the airflow in order to reduce costs. This 
could be achieved by utilising efficient fan components or placing the 
unit in a more carbon intense area, such as areas of high vehicular traffic 
or large, populous cities. This would be more achievable when powered 
by an SMR due to the smaller size and modular makeup of the plants. 
However, this does present issues - a carbon capture plant of this scale 
would take up significant land space, of which would influence decisions 
regarding suitable locations. Legal complications regarding planning 
permission could arise, yet the severity of this may be reduced given the 
magnitude of initiatives and funding being directed to support the R&D 
of this sector. Nevertheless, the estimated LCOD falls within the ex-
pected range of HT DACC technologies and is only 3% more costly than 
the most expensive point-source abatement method (cement). This 
presents a potential cost-competitive solution, particularly in the near- 
future as the technology matures. 

The LCOH calculated from the simulated HTSE plant is compared 
with other hydrogen production methods as seen in Fig. 10. It is stated 
that the present system is the most costly method of hydrogen genera-
tion. However, these values are incredibly subjective, as mentioned 
previously, where various factors such as plant size, location, utility 
feed, and more can significantly alter the costs. For reference, despite 
the range of values highlighted in the aforementioned table, the simu-
lation calculation is actually cheaper than the projected value estimated 
by the Department of Energy in the United States, which estimated an 
LCOH of 4.95 $/kgH2 in 2016 [57]. As it stands, the estimated LCOH 
from the simulation data does not propose a cost competitive solution 
when compared to more established methods. 

Reasons for the deviation in economic calculations may arise from 
the scaling of the plant in order to facilitate its implementation alongside 
the thermal and electrical output of an SMR. In the reference setup of the 
HTSE plant, the output of hydrogen was set to be 50,000 kg/d and thus 
required a nuclear steam flow of 1921 kg/s or 6916 t/hr. Assuming that 
the heating of the HTSE plant were to be entirely satisfied by nuclear 
waste heat from generated steam, this plant setup would be deemed 
infeasible. Taking the thermal efficiency to be 36% as previously stated, 
this would yield about 740 MW of waste heat, of which has the capacity 
to vaporise water at around 817 t/hr which would not meet the 
requirement as stated in the reference simulation. However, if the 

heating requirement were to be met in the triple-digit tonne range, the 
stack power demand would be the bottleneck to the HTSE operation as it 
would require around 250 MW. At this point, the solution does become 
cost competitive as the LCOH drops to around 2.00 $/kgH2 depending 
on increased hydrogen output. Generally, the power demands of the 
HTSE unit are predominantly electrical, at a ratio of 8:2 of electrical to 
thermal requirements, as verified in literature. 

Additionally, the capacity factor of both simulations was set at 100% 
for simplicity. In reality and in most literature, the capacity factor is 
usually said to be around 90% to signify plant shutdowns and other 
operational requirements; these factors would influence the calculated 
levelised costs, where current estimations may be more optimistic [57]. 
As shown in the tornado plots, economic results can vary based on 
certain parameters. These can be further influenced by location, as 
mentioned previously. For example, global location would influence the 
utility costs of electricity and hence the overall value of levelised costs. 
This factor will be difficult to forecast in the European region due to 
political unrest and its impact of excessive, volatile energy prices, of 
which have increased by around 15 times 2021 rates [59]. This issue 
would be more weighted when considering the HTSE system given its 
larger reliance on electrical energy. 

In order to meet expectations set out by the Paris Agreement, 7–10 
GtCO2 must be captured or used per year until 2050 [60]. To emulate 
this, projected LCOD can be modelled by implementing a learner curve 
for three given scenarios - conservative case where 50% of the target is 
satisfied, base case where 75% of the target is satisfied and net-zero case 
where the target is met. These scenarios correspond to learner rates of 
15%, 12.5%, and 10%, respectively. Learner curve rates are in accor-
dance with achieving the Paris Agreement goals of net-zero by 2050. The 
same cases are applied to the HTSE model for simplicity. Results are 
highlighted in Figs. 11 and 12. 

Under the net-zero case, projected values for LCOD and LCOH could 
reach around 31 $/tCO2 and 1.16 $/kgH2 by 2050, respectively, which 
are within range of those stated in various publications from accredited 
energy institutions [60,61]. The projected values of these technologies 
cannot be reliably verified until the TRL of the systems is improved and 
more are built at a commercial scale. It is possible that rapid techno-
logical developments and rollout of certain credit schemes may further 
reduce future costs. 

4.2. Implementation and market behaviour 

The data gathered does indicate that both hydrogen production and 
DACC would be technically possible, particularly if the SMR were to be 
built with the sole purpose of powering these systems. There also pre-
sents opportunity to combine these two systems and the wholesale of 
nuclear electricity with the plant. This would be heavily dependent on 
grid demand and would vary from region to region, particularly when 
considering the magnitude of required electrical energy for the systems’ 
operations. As the DACC system is more dependent on thermal energy, it 

Fig. 10. Comparison of LCOH based on feedstock and method [58].  Fig. 11. Learner curve estimations of future LCOD.  
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may be more beneficial to power this by an SMR as an auxiliary process 
if the main aim were to deliver electricity to the grid. Alternatively, 
using an SMR to power both DACC and HTSE in standalone operations 
would be possible and may be more economical as opposed to a 
grid‑hydrogen output due to the large electrical demands of HTSE and 
the smaller electrical outputs of SMRs when compared to mainstream 
nuclear power plants. 

To gain a top-level view of profitability, an analysis into the NPV and 
Internal Rate of Return (IRR) of the following systems has been con-
ducted: wholesale electricity and DACC; wholesale electricity and HTSE; 
wholesale electricity, DACC, and HTSE; standalone powering of DACC 
and HTSE. It is assumed that the products of such systems will entirely 
meet market demand and hence will be sold without any remainder 
product. The projected LCOE from SMRs varies due to the immaturity of 
the technology, however, assuming a ballpark average of 0.0775 $kWh 
and operation of 365 days a year, 24 h a day, yearly revenues can be 
expected to reach around $203.67 million for a 300 MW plant. The 
parameters based on the aforementioned scenarios for estimating NPV 
and IRR are shown in Table 6, and the results of NPV and IRR are shown 
in Fig. 13. 

From Fig. 13, it is implied that a combination of wholesale electricity 
and HTSE hydrogen production would be most profitable based solely 
upon the NPV and IRR calculated. This may be due to the high assumed 
sell price. However, it is unlikely that this would yield the reported 
revenues due to the above-market sell price of the hydrogen produced 
and hence current demand is likely to not be high enough to warrant 
such pricing. Further complications arise when considering grid de-
mand. The hydrogen cash flow is based upon the output from the 
benchmark scenario previously modelled; this model does not suffi-
ciently capitalise on the available electricity nor the steam flow of the 
SMR however these parameters are subject to grid demand, hence this 
would need to be accounted for to explore an optimised electrical gen-
eration to hydrogen output ratio. Therefore, this is not an accurate 
result. 

A more reasonable setup would be the standalone DACC and HTSE 
system, again based on the high NPV and large IRR. This setup allows for 
a reduced LCOH and hence proposes a competitive price for hydrogen 
production as the electrical output of the SMR can be maximised for the 
HTSE unit. In this analysis, the opportunity cost of selling the electricity 
was not considered as part of the OPEX, hence the reduced LCOH. 
Reasons for this is that the cost can be assumed to be recovered via the 
combination of carbon credits and hydrogen production and that the 
electricity production is done “in-house”. 

To reiterate, cash flows of such systems are difficult to model. As 
with the unit costs, the estimated selling prices will be heavily influ-
enced by geography, political motives, and funding opportunities. The 
market for such technologies is incredibly volatile yet shows promising 
development for reduced expenditures and increased revenues as de-
mand for decarbonisation rises. These factors are facilitated by planned 
developments of various credit schemes, such as Carbon Credits (CCs) 
and Zero-Emission Credits (ZECs). The ZECs may play a significant role 
in promoting the profitability of SMR outputs by awarding SMR plants 
with compensation for the production of electricity without GHG 
emissions and possibly emission less hydrogen production [62]. This 
will also allow for some protection against market failure. On the con-
trary, certain regions may be imposing taxes on nuclear energy due to 
political debates which may hinder nuclear power plant profitability, as 
seen across various European regions such as Germany and Switzerland 
but it is likely this will be outweighed by the pressure to decarbonise the 
energy sector, of which nuclear power is an attractive option [63]. 

4.3. Future scope of work 

The study offered a simplified setup of the combined systems in order 
to identify overarching trends of the plant. To further develop this 
research, a more detailed power delivery system should be modelled to 
account for any losses present in the transport of nuclear waste heat 
across the systems, particularly regarding the design specifications of 
heat exchangers — waste heat recovery was assumed to be 100% in this 
study and thus would not reflect the reality of heat transfer effectively. It 
is possible that energy recovery synergies between the technologies exist 
and so should be modelled to improve the overall efficiency of the in-
tegrated system. Furthermore, structural developments were not 
considered. In the case of incorporating these processes to SMRs, 
structural developments would need to be explored in order to verify the 
delivery and safety of such a setup. 

A more in-depth HTSE simulation should be modelled to produce a 
tailored setup depending on SMR design specifications. CAPEX costs 
associated with HTSE units vary majorly depending on the stack voltage 
levels, power of the unit, current density, etc. These factors were outside 

Fig. 12. Learner curve estimations of future LCOH.  

Table 6 
Financial parameters for estimating NPV and IRR.  

Scenario Unit Cash flow 
from power 

Cash flow 
from product 

Total cash 
flow 

Wholesale Electricity1 

and DACC2 
m 

$/yr 
201.26 58.88 260.14 

Wholesale Electricity1 

and HTSE3 
m 

$/yr 
199.00 8.98 207.98 

Wholesale Electricity1, 
DACC2, and HTSE3 

m 
$/yr 

196.59 58.88 (DACC) 
8.98 (HTSE) 

264.45 

Standalone powering of 
DACC2 and HTSE3* 

m 
$/yr 

0 58.88 (DACC) 
213.75 
(HTSE) 

272.63  

1 Price of wholesale electricity: 0.0775 $/kWh. 
2 DACC CO2 Carbon Credits: 60 t/CO2. 
3 HTSE Based Hydrogen: *1.75–5.12 $/kgH2. 

Fig. 13. Estimated NPV and IRR of various scenarios.  
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the scope of this study but their significance cannot be disregarded. 
Hence, a possible relationship between these factors and various SMR 
design specifications may exist and should be investigated to facilitate 
more efficient integration opportunities, improve hydrogen production 
rates, and reduce energy demands. 

Furthermore, future SMR capacity is expected to improve. A general 
model of the SMR setup with high level calculations to identify general 
operating trends was used in this study. To expand on this research, 
more in depth heat transfer calculations should be conducted and SMR 
design makeup should be explored in order to effectively facilitate such 
energy transfers to its other processes. Investigations into the decoupling 
of the power island from the DACC and HTSE units should be investi-
gated to identify the safest method of operation. The validity of eco-
nomic projections will become more reliable as these technologies come 
to market fruition, which is expected in the next decade or so. Until then, 
year-on-year trends should be analysed and geographic influence should 
be investigated in more detail. The majority of sources used in this study 
for DACC technology in particular are biased towards Western geogra-
phies, mostly the USA. Location of DACC builds may have a large in-
fluence on levelised costs when taking into account region-specific 
funding, policies, and CO2 content hence assessment into this factor 
would allow for identification of optimised areas for DACC construction. 
It is probable that this area will experience the greatest volatility in 
results because of the various factors that influence pricing and rapid 
technological developments in the sector, hence these trends should be 
closely followed. 

5. Conclusion 

This study proposed a functional theoretical model of a high tem-
perature liquid sorbent direct air carbon capture plant in conjunction 
with a high temperature steam electrolysis unit, utilising the waste heat 
from a small modular reactor to assist in meeting thermal energy re-
quirements of both systems. The major results are summarised below:  

• DACC base case simulation results indicate an electricity and thermal 
demand of 31.67 kWh/tCO2 and 126.33 kWh/tCO2 respectively at a 
levelised cost of 124.15 $/tCO2.  

• An electricity demand to hydrogen output of 34.37 kWh/kgH2 and a 
thermal demand of 0.02 kWh/kgH2 would result in a levelised cost of 
4.66 $/kgH2.  

• Both cases highlight how higher production rates would result in 
larger energy demands at a linear rate for hydrogen production and a 
similar relationship for DACC. Nevertheless, this would lower the 
levelised costs. 

It is important to note that the estimated LCOD fell within the ranges 
reported in literature and does imply an affordable solution compared to 
similar setups. However, the cost of DACC is still much larger compared 
to point source abatement methods. Conversely, the LCOH calculated 
did not present the technology as cost-competitive as compared to more 
established methods. This is most likely due to the base case simulation 
parameters. In other words, further work that identifies an optimal 
steam flow rate by employing multi-objective optimisation techniques 
could result in more competitive costs. Nevertheless, the projected in-
crease in demand with stricter climate policies would imply a reduction 
in levelised costs of both technologies and hence better cost- 
competitiveness as research and innovation advances. Due to differ-
ences in electrical and thermal demands, it may be more beneficial to 
integrate a continuous DACC system with an SMR if electrical energy 
were to be sold to the grid. Alternatively, a standalone HTSE-DACC 
system to be powered by an SMR would be more beneficial if whole-
sale electricity is not the intended output. 

Further work should be conducted to optimise the energy synergies 
between the SMR and the DACC-HTSE systems. Due to the main limi-
tation of this study i.e., the heavy reliance on secondary data from 

various technical simulations and the nature of economic data extrap-
olation, the integrated system can be further investigated by employing 
detailed exergoeconomic and multi-objective optimisation methodolo-
gies, which may provide a better understanding of the integrated sys-
tem’s performance. 
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