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ABSTRACT: MOSt integrated assessment models indicate a need Air Integration of DAC iuloam‘;;:li:;x(iyl:;\:‘:1:4;:‘13:"(il'im‘enli\e\ are provided)
for technological carbon dioxide removal from the atmosphere to ! Throttling valve

achieve climate mitigation targets. Currently, direct air capture **f ="

Internal heat
exchanger

(DAC) appears to be one the “backstop” technologies suitable to
provide this service. These technologies usually require low-carbon
heat as part of their operation cycle. Here, we consider a way of
providing this heat when no local heat source is available. Air
source heat pump (ASHP) water heaters are a well-known
technology that takes heat from the air to supply hot water.
Variations on their operating conditions could provide water at 100~ “"ge'
°C, when a trans-critical cycle is used. This level of temperature is
required by several DAC adsorption processes as the thermal
energy for the regeneration stage. For this reason, an innovative process integrating an ASHP and a DAC adsorption system is
proposed here. The heat pump provides not only heating but also cooling, while three separate stages (adsorption, cooling, and
regeneration) are considered for the DAC. In the integrated process, the air is sent to the adsorbent bed at first and after that to the
evaporator of the heat pump and then used for the cooling stage. The hot water supplied by the heat pump is used for the
desorption. Different working fluids (CO,, CO,-ethane, CO,-R41), with low ozone depletion and global warming potentials, are
investigated. The results show that a high level of efficiency is possible for heat pumps supplying hot water at 100 °C. Moreover,
energetic advantages are present with reference to the base case, where heat is provided by a municipal water incinerator and cooling
by a cooling tower. Savings in the energy consumption of S5, 60, and 53% for the integrated process using CO,, CO,/R41, and
CO,/ethane, respectively, are possible. Economic benefits are present when economic incentives are provided, ensuring lower costs
up to 39 $/tonCO,, and the technology benefits from location flexibility as only a power supply (and not a heat source) is required.
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1. INTRODUCTION to their simpler configuration and lower installed cost.”~'® This
kind of system is widely used for heating and can extract heat

Currently, energy consumption and environmental problems
from the air to heat air (air-to-air) or water (air-to-water) for

are critical concerns in industrial and social development.

Global energy consumption continues to increase, with an hot water generation.
average of around 1-2% per year," while carbon dioxide These systems could supply more than 90% of global water
(CO,) emissions were estimated to be more than 33 Gtons in heating with CO, emissions lower than that of a traditional gas
2018.” Fossil fuels are still the main source used to satisfy the boiler operating at 92—95% efficiency.'’ Moreover, an ASHP
energy demand, leading to environmental problems, such as can provide the same hot water with 2 or 3 times higher
global warming and climate change.’ efficiency compared to a traditional boiler using fossil fuels or
This problem continues to drive innovation in more high- an electric water heater.'” For this reason, the attention of the
efficient and low-emission energy technologies for sustainable research community has been focused on ASHP water heaters
development.” providing hot water at a temperature lower than 100 °C.
In this context, heat pumps have been recognized as an Several thermodynamic cycles, such as vapor compression,

efficient and clean technology for heat and cold supplies.’ It
was established that “Heat pumping technologies are a mature,
widely deployed, and cost-effective energy efficiency option,
with a significant role to play in portfolios of measures to
address key energy policy concerns”.’

Among this technology, renewable heat pumps use the low-
grade heat of air, water, or soil to produce heat at a higher
temperature, only consuming electricity. In this contest, air
source heat pumps (ASHPs) have received much attention due

cascade, trans-critical, with vapor injection solution, absorp-
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tion, or heat recuperative, have been investigated for an
ASHP."”"™'® The integration with thermal energy storage
systems and solar energy is also 7proposed in the literature in
order to improve the efficiency.'”"®

The trans-critical cycle is the most investigated in the
literature for ASHP water heaters, able to supply hot water up
to 90 °C. Most of the trans-critical ASHPs use CO, as the
working fluid, being a natural refrigerant, non-flammable and
non-toxic, with zero ozone depletion potential (ODP) and
negligible global warming potential (GWP)."” CO, is
considered as a perfect working fluid for air conditioning
systems, heatin(g, and heat pump water heaters by Lorentzena
and Pettersen” due to low power consumption and cost and
good compactness when it operates in the trans-critical region.

Hot water temperatures up to 60 °C are achieved by a CO,
trans-critical ASHP in the work of Hu et al,** Wang et al,**
Boccardi et al.,”® and Liao et al.** In Hu et al,** the extremum
seeking control strategy is proposed in order to minimize the
compressor energy instead of maximizing the coeflicient of
performance (COP). The authors find that supplied water of
60 °C is provided with a good efficiency (a COP of 3.3). A
sensitivity analysis is conducted by Wang et al,”* evaluating
the effect of gas cooler area and discharge pressure on the COP
and heat yield. It is found that for hot water of 60 °C, the
maximum COP value is 4.2. Liao et al.,** finding a maximum
temperature for the supplied water of 60 °C, report that an
optimal value of COP occurs at an optimal heat rejection
pressure, depending on the gas cooler outlet temperature,
evaporation temperature, and compressor performance. With
the aim to improve the efficiency, the use of multi-ejectors is
proposed in Boccardi et al.:* a sensitivity analysis is conducted
at different ejector areas, compressor frequencies, and ambient
temperatures.

Hot water temperatures higher than 60 °C are reported in
the literature for a trans-critical ASHP. In Dai et al,"> the hot
water temperature of 65 °C is ensured with a good COP of
3.35 in a trans-critical cycle using CO,. The same water
temperature with a COP of 3.6 is provided by the same cycle
in the work of Saikawa and Koyama,” indicating a better
efficiency compared to other systems using different
refrigerants (R134a, R22, R410A, R407C, R32, propane,
isobutane, and propylene).

For a CO, trans-critical cycle, a temperature for the supplied
hot water of 70 °C is achieved in Nicholas et al,”° but with a
lower COP value (2.8) compared to the previous works. From
a sensitivity analysis, the authors find that a higher efficiency in
terms of COP can be obtained at higher ambient temperatures
and lower hot water temperatures. The same level of
temperature for the supplied water is achieved in a combined
system integrating a CO, trans-critical cycle with an R134a
sub-cooling cycle, as in Song and Cao.””

In the work of Lu et al,”® a maximum outlet water
temperature of 75 °C is obtained for a maximum COP value of
2.88 at an ambient temperature of 10 °C. The same hot water
temperature is measured in Laipradit et al,”” evaluating the
effect of the compressor rotational speed, inlet water
temperature, inlet air temperature, and the mass flow rate
ratio of water to refrigerant on the heat pump performance.

Moreover, water temperatures up to 80 °C are ensured in
Wang et al,”> Neks3,*® Anstett,>’ and Minetto™” by using a
CO, trans-critical ASHP. In Wang et al,”” it is found that the
outlet water temperature has a negative effect on the COP,
setting the air temperature as a fixed parameter. On the other

hand, fixing the outlet water temperature, the ambient air has a
positive effect on the optimal discharge pressure. Minetto>>
finds that a COP value of 2.86, 3.22, and 2.96 is obtained,
respectively, from an inlet air temperature of 9.7, 18.3, and 17.2
°C and an outlet water temperature of 80 °C. A similar COP
value is suggested by Anstett’’ for a CO, trans-critical heat
pump providing hot water at 60—80 °C with a COP between 2
and S.

However, the highest temperature (90 °C) for water
achieved in a CO, trans-critical ASHP is obtained in Neksa
et al.*® and Zhu et al.** In Neksa et al.,** the COP is evaluated
under different operating conditions and it is found that the
CO, refrigerant allows higher COPs and hot temperatures
compared to other working fluids. Zhu et al,** by using the
ejector strategy, obtain a COP of 3.3 when water at 90 °C is
supplied and a COP of 4.6 when water is provided at 70 °C. A
different refrigerant is used in Yu et al.:* the authors use the
refrigerant zeotropic mixture R32/R290 that under trans-
critical conditions is able to provide water at 90 °C. The
positive effect of an internal heat exchanger on the COP is also
demonstrated.

The above literature analysis indicates that ASHPs with a
trans-critical cycle can provide hot water up to 90 °C from a
large air flow rate. It is evident that a small variation in the
operating conditions of the cycle could provide hot water at a
higher temperature of 100—110 °C.

This thermal energy could be used in different chemical
processes, such as in the emerging direct air capture (DAC)
technology, which requires a large energy consumption and air
flow rate to remove CO, from the atmosphere, due to the
dilute nature of CO, in the air (e.g, a concentration of 400
ppm). Absorption, adsorption, mineral carbonation, mem-
brane, photocatalysis, cryogenic separation, electrochemical
approaches, and electrodialysis are the technologies inves-
tigated in the literature for DAC.**** Absorption and
adsorption are the most investigated and mature processes in
this context.

Currently, DAC companies are based on absorption
(Carbon Engineering), adsorption (Climeworks, Global
Thermostat, Antecy, Hydrocell, Skytree), and ion-exchange
resins (Infinitree). Climeworks is the company with the first
commercial plant, in Switzerland (Hinwil)."

In our previous work, we develop a mathematical model for
the DAC adsorption process using different sorbents (metal—
organic frameworks and amine-functionalized sorbents) and
we compare our results with those of the Climeworks
company, who use the APDES-NFC-FD sorbent [3-amino-
propylmethyldiethoxysilane (APDES) on nanofibrillated cellu-
lose (NFC)], as in our work."* These adsorption systems
require thermal energy at 100 °C for the regeneration stage,
which is provided by a municipal waste incinerator (MWI), as
in Climeworks. On the other hand, cooling for the cooling
stage is provided by cooling water. A large air flow rate is
needed to capture CO, too. However, in order to improve the
efficiency of DAC and provide locational flexibility, thermal
energy could be provided by an ASHP.

According to these considerations, we propose here a new
process integrating an ASHP with a trans-critical cycle into a
DAC adsorption process using the APDES-NFC-FD sorbent
and investigated in our previous research.”* We use a trans-
critical and not sub-critical cycle because the first one is the
most investigated in the literature for an ASHP producing hot
water at high temperatures. The heat pump provides cooling

https://doi.org/10.1021/acs.iecr.2c01816
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and heating for the DAC. Then we extend the outcomes
identified in the literature by developing ASHP cycles able to
supply hot water at 100 °C. Moreover, this type of integration
has not been proposed in the literature. In this analysis, we
compare different working fluids (CO,, CO,-ethane, CO,-
R41) with a low value of global working potential and ozone
depletion. The growing international emphasis on global
warming phenomena (driven by the Kigali amendment to the
Montreal Protocol) has moved the interest of the manufac-
turers as well as the scientific community to low-GWP
refrigerants.23 For the proposed integrated schemes, we
conduct sensitivity analyses to evaluate the effect of some
operating parameters, and we carried out an energetic and
economic analysis to estimate the advantages of this process
compared to the base case scheme.

2. MATERIALS AND METHODS

2.1. Description of ASHPs and KPIs. In this research,
trans-critical ASHPs are considered with different working
fluids. Figure 1 shows the schematic diagram of a trans-critical

Gas cooler
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Throttling valve
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Figure 1. Diagram scheme of an ASHP with a trans-critical cycle.

cycle composed of an evaporator, gas cooler, compressor,
expansion valve, and internal heat exchanger. An internal heat
exchanger is used to improve the performance of the overall
system that takes heat from the air through the evaporator and
transfers it to the water through the gas cooler for the heating
purpose.A'S’46

CO,/ethane (0.78/0.22 mass fraction), CO,/R41 (0.5/0.5
mole fraction), and CO, are the refrigerants for the trans-
critical heat pumps. Table 1 reports the values of critical
temperature and pressure for these working fluids.

The refrigerant mixture CO,/ethane and CO,/R41 are
characterized by no ODP and low GWP."”** Ethane and R41
would improve the efficiency of CO,, while CO, would
minimize the drawback of flammability and reduce the GWP of
other refrigerants. CO,, as a natural refrigerant, is non-

Table 1. Critical Temperature and Pressure for the
Refrigerants

CO, CO,-R41 CO,-ethane
critical temperature (°C) 311 37.6 18.04
critical pressure (bar) 73.8 66.4 60.603

13223

flammable and non-toxic, with zero ODP and negligible GWP.
These refrigerants are used here because they are suggested in
the literature for ASHPs in Wang et al.*” (CO,/ethane), Wang
et al.>” (CO,/R41), and Neks3 et al.”* (CO,), ensuring good
values of the COP.

For the considered heat pumps, the most important KPIs
such as the operating costs (OPEX), primary energy
consumption (E,), and CO, emissions (Mco,) are evaluated

according to the following equations (see eqs 1—3)

E _ Py
Pheatpump - Q—th COP (1)
Cel
OPEXheatpump = chd cop (2)
_ M)
Mcozheatpump - chd COP (3)

where ep,; is the primary energy of electricity (MJ/kW h,)), d is
the yearly operating hours of the process (h/year), Qg is the
heat power (kW),c, is the electricity price ($/kW h,)), m, is
the CO, content of electricity (kgCO,/kW h,), and COP is
the coeflicient of performance, which is the ratio between the
heating capacity and input power at the compressor (e.g.,
electric power). These KPIs are evaluated per kW h,; assuming,
for the above parameters, values related to the electricity grid
of the Switzerland country: ¢, of 0.13 $/kW h,, m, of 0.171
kgCO,/kW h, and ep,; of 7.497 MJ/kW h,,.

2.2. Conventional DAC Adsorption System. The DAC
adsorption process is presented in Leonzio et al,** considering
the geometry of a single adsorbent module defined by
Climeworks (area footprint excl. options of 20 m? with a
length of 3.2 m) and an air flow rate of 2.86 m®/s.”" The
APDES-NFC-FD sorbent, the same cellulose-based amine-
functionalized sorbent used by Climeworks for its plant, is
considered for the DAC system. In the base case process, CO,
is captured from the air, having a CO, concentration of 400
ppm, by the sorbent bed and it is released after a variation of
temperature as a temperature swing adsorption (TSA) process
(the adsorption temperature is 25 °C, while the regeneration
temperature is 100 °C, as in the Climeworks plant®”). Cooling
water is used for the cooling step, while electricity for fans and
heat for the regeneration step are provided by an MWI, as in
the Climeworks plant. Table 2 shows the main operating
conditions, energy consumptions, data for the adsorbent bed
and sorbent, and costs for the conventional DAC process.**

2.3. Process Scheme Integrating the DAC Adsorption
and ASHP. Considering the energy consumption of DAC, the

Table 2. Main Data of the Investigated DAC System Using
the APDES-NFC-FD Sorbent"*

captured CO, (kg/day) 152
adsorption temperature (°C) 25
desorption temperature (°C) 100
heat of adsorption (J/molCO,) 60000
APDES-NFC-FD particle diameter (m) 0.005
APDES-NFC-FD particle density (kg/m®) 554
height of the bed (m) 32
area footprint excl. options of the bed (m?) 20
electrical energy (kW h,/tonCO,) 299
regeneration energy (kW hy,/tonCO,) 1427
total costs ($/tonCO,) 751

https://doi.org/10.1021/acs.iecr.2c01816
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Figure 2. Diagram scheme of the process integrating the DAC adsorption with an ASHP.
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Figure 3. Process scheme in Aspen Plus for the trans-critical ASHP integrated in the DAC system.

single scheme of the DAC adsorption and ASHP, we propose
the following integration process. In the DAC adsorption
system, three separate stages, namely, adsorption, regeneration,
and cooling, are considered. CO, is adsorbed at 25 °C in the
adsorption stage; after that, it is desorbed by supplying heat to
the bed at 100 °C, and then the bed is cooled to 25 °C to allow
another cycle according to a TSA design. In the overall
integrated process, the air is sent to the adsorber for CO,
removal and then to the evaporator of the ASHP. The outlet
air here has a temperature of 15 °C (this value is suggested for
the cooling fluid in the Climeworks plant®*) so that it can be
used in the cooling stage of the adsorbent bed. Air for cooling
is used by another DAC company, as Anteny,”” indicating that
our proposed scheme is technically feasible and avoids the use
of cooling water that Leonzio et al.** demonstrate to have a
high impact on the operating costs. On the other hand, the hot
water supplied from the ASHP at 100 °C is used for the
regeneration of the bed, avoiding the use of an MWI as in the
base case scenario. Hence, the ASHP is able to cool and heat
the adsorbent bed. Figure 2 shows the process flow diagram of
the integrated process, while Figure 3 shows the integrated
process simulated in Aspen Plus.

The thermodynamic model Soave—Redlich—Kwong is used
for these simulations in Aspen Plus because it is well known to
be simple and efficient for these types of fluids.”®> The
adsorbent bed is simulated through a component separator,
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eliminating CO, from the air, considering the results reported
in Leonzio et al.** for the DAC system using the APDES-NFC-
FD sorbent. Heat exchangers, compressors, and valves are used
to reproduce the heat pumps in Aspen Plus.

The ASHPs are simulated considering the data shared in the
literature for the thermodynamic cycle (Wang et al.*’ for the
CO,/ethane-based cycle, Wang et al.>’ for the CO,/R41-based
cycle, and Neksi et al.*® for the CO,based cycle) but
increasing the compressor ratio in order to supply water at a
temperature of 100 °C, required for the DAC regeneration. In
particular, the low cycle temperature and pressure of heat
pumps are as in the literature, while the high cycle temperature
and pressure are obtained from the simulation by increasing
the compressor ratio to the appropriate level. Table 3 reports
data for the low cycle level of the investigated ASHPs.>**"°

Based on the above data, the integrated ASHPs are designed
using Aspen Plus: by knowing the temperature and flow rate of
the air coming from the adsorber, it is possible to find the

Table 3. Low Cycle Temperature and Pressure for the
Investigated Heat Pumps

CcO, CO,-R41 CO,-ethane
low temperature (°C) 0 5.39 0
low pressure (bar) 35.11 30.9 329

https://doi.org/10.1021/acs.iecr.2c01816
Ind. Eng. Chem. Res. 2022, 61, 1322113230
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refrigerant flow rate that ensures an air temperature at the
outlet of the evaporator of 15 °C. By setting a defined
compressor ratio, the refrigerant pressure and temperature at
the inlet of the gas cooler are defined, while the refrigerant
conditions at the outlet of the gas cooler are reported in the
literature (45 °C for the ASHP using CO,/R41, 85 °C for the
ASHP using CO,/ethane, and 10 °C for the ASHP using
CO,).*>* These data are used to determine the water flow
rate after setting up its supplied temperature.

Two heat exchangers are used to simulate the regeneration
and cooling stages of the adsorption system, where the hot
water from the gas cooler and cold air from the evaporator are
sent, respectively. This allows us to determine whether there is
a surplus or deficit of heat during the desorption and to
calculate the air temperature at the end of the cooling stage.

An economic analysis is conducted according to the
procedure suggested by Peters and Timmerhaus,”* evaluating
capital (CAPEX) and operating (OPEX) costs. For the DAC
adsorption system, the economic analysis is shown in Leonzio
et al,”* while here, the economic analysis for heat pumps is
added considering the integrated process. The equipment cost
of ASHPs is evaluated by using the Matches program.”” These
costs are based on 2014 and are adjusted for inflation using the
following correlation adopted from the Chemical Engineering
Plant Cost Index (CEPCI)*° (see eq 4)

Costyg,; _

CEPCl,,,
CEPCly,4 4)

Costyy

where the values of CEPCl,;, and CEPCl,,, are, respectively,
576.1 and 655.9.%7 For this evaluation, the heat exchanger
(evaporator, internal heat exchanger, and gas cooler) areas and
compressor powers are needed and are obtained by
simulations in Aspen Plus. An additional equipment cost is
assumed to be 15% of the main purchased components in
order to calculate the overall equipment cost of the heat
pump.”® The refrigerant cost is considered in the CAPEX
calculation with the following prices: 0.5 $/kg for CO,, 0.72
$/kg for CO,/R41, and 1.2 $/kg for COz/ethane.59
Annualized capital costs are evaluated considering a life time
for the process of 20 years, with an interest rate of 10%. A
location factor is assumed for CAPEX, assuming that the plant
is locatsod in Switzerland. The updated location factor for 2021
is 0.58.”

3. RESULTS AND DISCUSSION

The thermodynamic model used in Aspen Plus is at first
validated, simulating heat pump cycles for 1 kg of refrigerant
with the main operating data reported in the literature (Wang
et al.*” for the CO,/ethane mixture, Wang et al.> for the CO,/
R41 working fluid, Neksa et al.”* for CO,). As reported in the
Supporting Information (Tables S1, S3, S5), good agreement is
present between our simulations and literature research. The
material and energy balances of the simulations reproducing
the literature work are reported in Tables S2, S4, and S6 for
Figures S1, S2, and S3, respectively.

3.1. Results of Sensitivity Analysis and KPI Evalua-
tion. CO,/ethane, CO,/R41, and CO, amounts are found as
described in Section 2.3 and are, respectively, 1750, 1454, and
1825 kg/h. A sensitivity analysis is conducted changing the
compressor ratio, evaluating the water flow rate and COP for
different supplied water temperatures. The results are reported
in Figure 4 for the heat pump with the CO,/ethane working
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Figure 4. (a) Supplied water and (b) COP as a function of the
supplied water temperature and compressor ratio for the ASHP with
the CO,/ethane working fluid.

fluid (Figure 4a is related to the water flow rate, while Figure
4b shows the COP, both changing the supplied water
temperature and compressor ratio), in Figure S for the system
with the CO,/R41 mixture (Figure Sab shows the water flow
rate and COP at different compressor ratios and outlet water
temperatures, respectively), and in Figure 6 for the ASHP with
the CO, refrigerant (Figure 6a shows the water flow rate, while
Figure 6b shows the COP, both as a function of supplied water
temperature and compressor ratio).

The trend of the supplied water flow rate as a function of the
compressor ratio and outlet water temperature is the same in
Figures 4a, Sa, and 6a: the compressor ratio has a positive
effect, while the supplied water temperature has a negative
effect on the amount of water at the gas cooler. At a fixed
compressor ratio, a lower amount of water is required to
achieve a higher temperature up to 100 °C. At a fixed supplied
water temperature, the flow rate of water increases with the
compressor ratio because the discharge temperature of the
refrigerant in the compressor is higher so that the refrigerant
has a higher thermal load and a higher amount of water is
required to maintain the same outlet water temperature.

On the other hand, the outlet water temperature is not
significant for the COP, while the compressor ratio has a
negative effect on it. At a fixed compressor ratio, the COP does
not change with the outlet water temperature due to the same
supplied thermal power and input electrical energy. At a fixed
supplied water temperature, the COP decreases at a higher
compressor ratio due to a more significant increase in electrical
power.
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Figure S. (a) Supplied water and (b) COP as a function of the

supplied water temperature and compressor ratio for the ASHP with
the CO,/R41 working fluid.

For a supplied water temperature of 100 °C, as required for
the regeneration of the adsorbent bed, data characterizing the
integrated process are reported in Table 4, considering the
lowest compressor ratio investigated in the sensitivity analysis
in each case study in order to have the highest value of COP.
In addition to the operating conditions, KPIs considering a
grid electricity mix in Switzerland are shown.

From these results, it is evident that the best conditions are
obtained using the CO,/R41 working fluid: the COP value is
2.14 while ensuring a primary energy consumption, OPEX, and
CO, emissions of 3.61 MJ/kW h, 0.062 $/kW h, and 0.08 kg/
kW h, respectively. The system supplies 600 kg/h of water at
100 °C with a compressor ratio of 3. The worst conditions are
when the mixture CO,/ethane is used for the heat pump: the
COP has the lowest value of 1.95, while the KPIs have the
highest values (3.85 MJ/kWh, 0.066 $/kW h, and 0.088 kg/
kW h, respectively, for the primary energy consumption,
OPEX, and CO, emissions).

For all investigated heat pumps providing hot water at 100
°C, the COP value is around 2, suggesting a good efliciency
after a comparison with the literature research. In fact, other
ASHPs using other refrigerants and other cycles have a COP of
about 2 for a lower supplied water temperature (S0—75
°C)."% On the other hand, the COP value is in agreement
with other trans-critical ASHPs using CO,, for which a slightly
higher COP is obtained for a slightly lower supplied water
temperature.15’19’67

3.2. Results of Energy Consumption. An analysis of the
energy consumption is conducted considering the heat pumps
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Figure 6. (a) Supplied water and (b) COP as a function of the
supplied water temperature and compressor ratio for the ASHP with
the CO, working fluid.

Table 4. Operating Conditions and KPIs of ASHPs
Integrated into the DAC Adsorption System

operating conditions

working fluid CO, CO,-R41  CO,-ethane
ambient air temperature (°C) 25 25 25
inlet water temperature (°C) 8 25 25
water supplied temperature (°C) 100 100 100
supplied water (kg/h) 528 600 660
compressor ratio 3.4 3 3.4
COP 2.02 2.14 1.95
Key Performance Indicators
primary energy consumption 3.71 3.51 3.85
(MJ/KW h)
OPEX ($/kW h) 0.064 0.062 0.066
CO, emissions (kg/kW h) 0.085 0.080 0.088

designed to supply hot water at 100 °C with the lowest
investigated compressor ratio. A heat exchanger is used to
simulate in Aspen Plus the desorption and cooling stages. In
the first case, it is set up that the hot water rejects heat up to
achieving a temperature of 25 °C (the outlet water
temperature is fixed at 25 °C), allowing to find the total
amount of the released thermal load. In the second case, the
amount of heat to be removed (i.e., the same required for the
desorption stage) is defined in the heat exchanger of the
simulation in Aspen Plus, finding the outlet air temperature.
The DAC adsorption process requires 1427 kWh/tonCO, of
heat for regeneration: compared to the DAC using an MWI, a
surplus of heat is present in all integrated and investigated
systems as reported in Table 5.
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Table 5. Energy Consumption Analysis for the Regeneration
and Cooling Stages

working fluid CO, CO,-R41 CO,-ethane
Regeneration Stage
heat released by ASHP (kW h/tonCO,) 9766 9061 9946
required heat (kW h/tonCO,) 1427 1427 1427
surplus of heat (kW h/tonCO,) 8339 7634 8519
Cooling Stage
outlet air temperature (°C) 17 18 18
cooling duty (kW h/tonCO,) 1427 1427 1427

The heat pump using CO,-ethane ensures the highest
surplus of heat (8519 kWh/tonCO,), while the cold air is
heated up to 18 °C in the cooling stage. The amount of heat
that is not used could be used in a dryer to remove water in the
air before the adsorption stage, improving the energy efliciency
of the overall system and underlining the advantage of using an
ASHP instead of an MWL

Moreover, the energy consumption of the integrated system
is lower than that of the single DAC adsorption process with
an MWI and a cooling tower. Table 6 shows the total energy

Table 6. Overall Energy Consumption of the Base Case
DAC Adsorption Process

heat for regeneration 1427 kW h/tonCO,
produced heat from waste 4.5 MJ/Kkg,aste
required waste for heat production 1142 kg, aste/tonCO,
input heat for MWI 0.24 MJ/Kg,aste
input heat 274 MJ/tonCO,
captured CO, 0.0067 tonCO,/h
input heat for MWI 76 kW h/tonCO,
input electricity for MWI 0.36 MJ/Kg,aste
input electricity for MWI 411 MJ/tonCO,
input electricity for MWI 114 kW h/tonCO,
cooling tower capacity 9 kw

input electricity for the cooling tower 11251 kW h/tonCO,

overall energy for DAC 11441 kW h/tonCO,

use for the single DAC, requiring 1427 kWh/tonCO, of
thermal energy. To satisfy this amount of heat and
simultaneously the required electricity, 1142 kg of wastes is
required by the incinerator (4.5 MJ of thermal energy per kg of
waste is produced).”® The MWI needs heat and electricity to
work, respectively, 0.24 MJ per kg of waste and 0.36 MJ per kg
of waste.”® Considering the amount of captured CO, and
required wastes, 76 kWh/tonCO, of thermal energy and 114
kWh/tonCO, of electrical energy are necessary for the MWL
In addition to this energy consumption, 11251 kWh/tonCO,
of electrical energy is needed for the cooling tower (with a
capacity of 9 kW) used for the cooling stage of the adsorbent
bed.”” Considering the MWI and cooling tower, the single
adsorption process requires 11441 kWh/tonCO, of energy.
This value is higher than the energy consumption of the
system integrating an ASHP and a DAC adsorbent bed (which
also does not require any water). The key input is just electrical
energy for the compressor of the heat pump and fans of DAC.
In particular, 4835, 4239, and 5109 kWh/tonCO, are required
for the ASHP using, respectively, CO,, CO,/R41, and CO,/
ethane. 284 kWh/tonCO, is needed for fans, and the overall
energy consumptions related to the CO,, CO,/R41, and CO,/
ethane systems are, respectively, 5118, 4521, and 5391 kWh/
tonCO,. Compared to the base case scheme, savings in energy

consumption of 55, 60, and 53% are achieved for the
integrated processes using CO,, CO,/R41, and CO,/ethane,
respectively, as the refrigerants in the heat pump.

3.3. Results of Economic Analysis. An economic analysis
is carried out with the evaluation of CAPEX and OPEX for
each process with the heat pump providing hot water at 100
°C at the lowest investigated compressor ratio. Table S7 shows
the CAPEX calculation of the integrated system using different
refrigerants.

Tables S8—S10 of the Supporting Information report the
purchase cost for the equipment of each heat pump. The heat
pump using CO, costs 92200 $, while the heat pumps using
CO,/R41 and CO,/ethane cost, respectively, 79600 $ and
91000 $. Locating the system in Switzerland, the ASHP using
CO,, CO,/R41, and CO,/ethane costs, respectively, 53900 $,
46600 $, and 53200 $, which, considering the supplied thermal
power and the working fluid cost, corresponds to 830, 773, and
806 $/kW h, respectively. These specific costs are in agreement
with those reported in Popovski et al.”’ for an ASHP. For the
refrigerant volume estimation, a cycle time of 0.1 h is assumed,
as are 175 kg of CO,/ethane, 145 of CO,/R41, and 183 kg of
CO,.”" The purchase costs for the adsorbent bed and fan are
the same as those reported in Leonzio et al."* Locating the
plant in Switzerland, the results show that the specific levelized
CAPEX of the overall integrated process using CO,, CO,/R41,
and CO,/ethane is 787, 709, and 781 $/tonCO,, respectively.

Table S11 shows the OPEX calculation when the electricity
grid is used as the source in the DAC and heat pump systems.
For the electricity grid, 0.11 $/kW h is assumed.”” The
operating costs of the overall process are 2160, 1940, and 2180
$/tonCO, when CO,, CO,/R41, and CO,/ethane are,
respectively, used in the heat pump.

In this way, the total cost of the integrated process using
CO, is 2950 $/tonCO,, while the process using CO,/R41 and
CO,/ethane costs totally 2650 and 2960 $/tonCO,,
respectively. These total costs are higher than that of the
single DAC adsorption system of 751 $/tonCO,.

However, the use of ASHPs may be supported by economic
incentives provided by the government and related to the
supplied power.”” This program aims at increasing the use of
renewable energy and improving the energy efficiency. The
selected value of subsides has the same order of magnitude of
current economic incentives used in other countries (0.15
$/kW h in the UK).”*

A sensitivity analysis is conducted changing the electricity
source (hydro energy, wind energy, PV panel, geothermal
energy, PV/T system, and grid system) to evaluate the total
cost of the new proposed process. The cost of electricity in
Switzerland from hydro energy is 0.078 $/kW h, that from
wind energy is 0.12 $/kW h, that from PV is 0.1 $/kW h, that
from geothermal energy is 0.18 $/kW h, and that from PVT is
0.067 $/kW h.”*

The value of the economic incentives is in the range
between 0.05 and 0.25 $/kW h. The results are reported in
Table 7: only for higher levels of incentives, economic benefits
are ensured with a net total cost lower than that of the base
case. Moreover, the use of a PV/T solar panel for electricity
production guarantees the lowest net total cost for the
integrated system, taking into account 0.25 $/kW h for
economic subsidies. In particular, by using the CO,-R41
refrigerant, the lowest net total cost is present (39 $/tonCO,).

The use of this refrigerant is the best and convenient from
an economic and energetic point of view: the lowest total cost
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Table 7. Net Total Cost of the Integrated Processes at
Different Sources of Electrical Energy

refrigerant

CO, CO,-R41 CO,-ethane

economic

electricity ~ incentives

electricity price for ASHP
source ($/kW h) ($/kW h) net total cost ($/tonCO,)
grid mix 0.11 0.05 2430 2170 2440
0.1 1920 1690 1910
0.2 886 73S 863
0.25 371 257 338
hydro 0.078 0.05 2250 2010 2240
0.1 1730 1530 1720
0.2 702 573 670
0.25 187 95 145
wind 0.12 0.05 2490 2220 2500
0.1 1970 1740 1970
0.2 943 786 924
0.25 428 308 399
PV 0.1 0.05 2370 2120 2380
0.1 1860 1640 1850
0.2 828 684 803
0.25 313 207 278
geothermal 0.18 0.05 2830 2520 2860
0.1 2320 2050 2340
0.2 1288 1090 1287
0.25 773 613 762
PVT 0.067 0.05 2180 1950 2180
0.1 1670 1470 1650
0.2 639 517 603
0.25 124 39 78

with economic incentives and the highest energy saving
compared to the base case scenario are obtained. We note that
the costs established here are for current technologies and
anticipate significant cost reductions through scale-up and
learning in both the industrial ASHP and the DAC systems as
well as reductions in the cost of renewable electricity.

4. CONCLUSIONS

DAC adsorption is an emerging technology that requires large
air flow rates and energy consumption that could be provided
by an ASHP. For this reason, a new process integrating an
ASHP and a DAC adsorption system is proposed in this
research work.

In this scheme, three separate stages (adsorption, cooling,
and regeneration) of the adsorption technology are considered.
The air is sent to the adsorbent bed at first and after that to the
evaporator of the heat pump, and then it is used for the cooling
stage. Simultaneously, the heat pump supplies hot water at 100
°C that can be used for the regeneration of the DAC. This level
of temperature is required for the desorption; hence, water
temperatures higher than those proposed in the literature are
here suggested for an ASHP. Moreover, this kind of integration
has not been investigated in the literature so far, and a
comparison with a scheme proposed by Climeworks company
is presented. In the considered conventional DAC scheme,
thermal and electrical energies are provided by an MWI and
cooling by a cooling tower.

For the heat pump, three different working fluids, including
CO,/ethane, CO,/R41, and CO,, are investigated in a trans-
critical cycle.

The results show that ASHPs supplying hot water at 100 °C
have good efficiencies in terms of COP. Economic (if
economic incentives are provided) and energetic advantages
may be present in the proposed and integrated scheme
compared to the traditional one.

An energetic analysis is conducted finding that the overall
energy consumption of the integrated process using CO,,
CO,/R41, and CO,/ethane is, respectively, 5118, 4521, and
5391 kW h/tonCO,. Electrical energy is required for fans and
the compressor of the heat pump. Compared to the base case
process, savings in energy consumption of 55, 60, and 53% are
possible for the integrated processes using CO,, CO,/R41, and
CO,/ethane, respectively, in the ASHP.

From an economic analysis, it is found that a net total cost
lower than that of the conventional process (751 $/tonCO,) is
ensured in the proposed system if an opportune financial
subsidy is provided. By analyzing several electricity sources,
lower total costs are present when a PV/T solar panel is used
for the electrical energy generation. In particular, the lowest
net total cost (39 $/tonCO,) is present if CO,/R41 is used in
the heat pump and if 0.25 $/kW h of incentives is given by the
government.

The best economic and energetic performances are provided
by using CO,/R41 in the ASHP integrated into the DAC
adsorption system. We also expect steep cost reductions in
both the ASHP and DAC capital costs. Overall, the proposed
integrated scheme could be used when no heat source is
present, ensuring at the same time a negative value for the
climate change as for the basic process.
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