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A B S T R A C T   

High-voltage direct current (HVDC) transmission infrastructure can transmit electricity from regions with high- 
quality variable wind and solar resources to those with high electricity demand. In these situations, bulk energy 
storage (BES) could beneficially increase the utilization of HVDC transmission capacity. Here, we investigate that 
benefit for an emerging BES approach that uses geologically stored CO2 and sedimentary basin geothermal re
sources to time-shift variable electricity production. For a realistic case study of a 1 GW wind farm in Eastern 
Wyoming selling electricity to Los Angeles, California (U.S.A.), our results suggest that a generic CO2-BES design 
can increase the utilization of the HVDC transmission capacity, thereby increasing total revenue across combi
nations of electricity prices, wind conditions, and geothermal heat depletion. The CO2-BES facility could extract 
geothermal heat, dispatch geothermally generated electricity, and time-shift wind-generated electricity. With 
CO2-BES, total revenue always increases and the optimal HVDC transmission capacity increases in some com
binations. To be profitable, the facility needs a modest $7.78/tCO2 to $10.20/tCO2, because its cost exceeds the 
increase in revenue. This last result highlights the need for further research to understand how to design a CO2- 
BES facility that is tailored to the geologic setting and its intended role in the energy system.   

1. Introduction 

Emissions of greenhouse gases, such as carbon dioxide (CO2), have 
increased global mean surface temperatures about 1 ◦C above pre- 
industrial temperatures, and the consequences of present and future 
warming are increasingly dire [1]. Stabilizing the atmospheric concen
tration of CO2 emissions to mitigate the worst effects of climate change 
will require substantially reducing, if not eliminating, CO2 emissions 
from the electricity sector, which is among the largest sources of CO2 
emissions worldwide—including about 35% of annual CO2 emissions in 
the United States [1–4]. Wind turbines and solar photovoltaics can 
generate electricity without emitting CO2 during operation, but high- 

quality resources may not be co-located with high electricity demand 
[5]. As a result, using high penetrations of wind and solar energy likely 
requires high voltage direct current (HVDC) transmission infrastructure 
to transmit the electricity to regions with higher electricity demand 
[6–8]. 

Wind and solar resources also vary temporally, which makes it 
difficult to determine the appropriate capacity of an HVDC transmission 
line [9]. A line that has the capacity of the wind farm or photovoltaic 
array will be fully utilized only a fraction of the year (e.g., in 2016, the 
average capacity factor for wind turbines and solar photovoltaics in the 
United States was 34.7% and 27.2%, respectively [10]). Absent energy 
storage, a smaller capacity transmission line would require curtailment 
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of some of the electricity that is generated. Because the cost of HVDC 
transmission infrastructure increases with capacity, and the revenue 
from electricity sales decreases with curtailment, the profit-maximizing 
capacity of an HVDC transmission is below the capacity of the wind farm 
or photovoltaic array. 

Energy storage in transmission-constrained electricity systems can 
reduce curtailment by time-shifting variable electricity generation 
[11,12]. Electricity is time-shifted by storing generation in excess of 
HVDC transmission capacity (or of demand) and dispatching the stored 
energy later when generation is below transmission capacity. As a result, 
energy storage can increase the utilization of variable electricity ca
pacity, the utilization of HVDC transmission capacity, and revenue. 
Energy storage also may increase profit-maximizing HVDC transmission 
capacity. 

In this study, we investigate how CO2-bulk energy storage (CO2-BES) 
could operate in a realistic case study of a transmission-constrained 
setting in the United States. The CO2-BES approach is based on the 
notion that CO2, that is isolated from the atmosphere in deep (>800 m), 
porous, and permeable aquifers in sedimentary basin geothermal re
sources, can be circulated between the surface and subsurface to extract 
geothermal heat and convert it to electricity [13]. This concept is 
described in the literature as CO2 Plume Geothermal [14–18]. The CO2- 
BES approach implemented here also incorporates active CO2 reservoir 
management, where brine is produced from the reservoir to manage 
reservoir overpressure from CO2 injection and to extract geothermal 
heat [19–21]. While problematic leakage of buoyant CO2 or displaced 
brine is unlikely [22,23], the strategic production and re-injection of 
brine further reduces the likelihood and consequences of leakage. 

With CO2-BES, newly captured CO2 is geologically stored in an 
aquifer in a sedimentary basin geothermal resource for a priming period 
and continuously thereafter for the operational lifetime of the facility. 
During the priming period, brine is produced to the surface and strate
gically re-injected to control the migration of the CO2 plume and to 
manage the reservoir overpressure. Once operational, the CO2-BES fa
cility can generate electricity on demand. This generation occurs by 
producing the geothermally-heated CO2 and brine to the surface and 
using the energy in these fluids to generate electricity in an indirect 
brine organic Rankine cycle or a direct CO2 cycle. The cooler fluids are 
then re-injected into the geothermal resource. The facility can also be 
operated for energy storage by time-shifting when the produced brine is 
re-injected. Here, the energy that is required to compress and inject the 
fluid is stored as pressure in the subsurface. Unlike other bulk energy 
storage technologies, namely pumped hydroelectric energy storage 
(PHES) and compressed air energy storage (CAES), there is a broad 
geospatial potential for the deployment of CO2-BES. Sedimentary basins 
are ubiquitous worldwide, including approximately half of North 
America [24,25]. In addition, CO2-BES can reduce CO2 emissions 
directly by permanently storing the CO2 and indirectly by enabling the 
displacement of electricity generating facilities that emit more CO2 by 
technologies that emit less or no CO2 during operation [26]. 

This investigation of energy storage in a transmission-constrained 
setting is novel in a few ways. It is the first to investigate the optimal 
dispatch of CO2-BES, an emerging subsurface based energy storage 
approach, when used in conjunction with a variable renewable energy 
technology. This work also simulates the operation of CO2-BES in finer 
detail than in prior work [13,26]. In addition, while prior studies inves
tigate how PHES or CAES may affect the sizing of an HVDC transmission 
line [12,27], there is no similar understanding for CO2-BES. Further, the 
potential of any component of the electricity system is determined in part 
by profitability. The current potential for energy storage in the United 
States is limited because market rules that regulate the functioning of the 
electricity grid (e.g., reserve capacity) do not compensate energy storage 
facilities for the full range of services they could provide [26–28]. As a 
result, this study is also the first to investigate the profitability of a CO2- 
BES facility when operated for transmission deferral, which is a valuable 
application for energy storage [29,30]. 

2. Methods 

Since profit is defined as revenue minus cost, the optimal capacity of 
the HVDC transmission line is a function of: total revenue from elec
tricity sales, cost of the HVDC transmission infrastructure, and the cost 
of the CO2-BES facility (if appropriate). The revenue from electricity 
sales and cost of the CO2-BES facility depend on the performance of the 
CO2-BES facility. As a result, and as further described in this section, to 
estimate profit we integrate 1) a mixed-integer linear optimization 
model to estimate revenue (Section 2.1); 2) a cost model to estimate the 
economic costs of the facility (Section 2.2); and 3) an integrated process- 
based model that includes a) reservoir simulations to model the injec
tion, flow, and heat extraction of CO2 and brine in a deep, porous, and 
permeable aquifer in a sedimentary basin geothermal resource and b) a 
coupled model of the wells and CO2-BES facility to estimate the per
formance of the facility (Section 2.3). 

This novel methodological integration is applied to determine the 
profit-maximizing capacity of an HVDC transmission line that transmits 
electricity hundreds of miles between a location with substantial elec
tricity demand and a location with sedimentary-basin geothermal re
sources and high-quality wind resources (Section 2.4). To determine this 
capacity, we vary the capacity of the HVDC transmission line, in in
crements of 10%, from 10% (most-constrained) to 100% (least-con
strained) of the assumed wind farm capacity, in the modeling and 
calculations. The optimal capacity of an HVDC transmission line results 
in the maximum total profit; the effect of CO2-BES is determined by 
comparing results from which such a facility is available with those from 
when it is not available. 

2.1. Estimated Revenue from Electricity Sales 

We adapt an optimization model for CAES to estimate the revenue of 
a CO2-BES facility that operates with a wind farm to sell electricity to a 
distant load center [12]. As is common in prior work, perfect foresight of 
the wind conditions and of wholesale electricity prices are assumed 
[12,26,31]. Furthermore, it is also assumed that the CO2-BES facility is 
fully charged with twelve hours of stored energy at the beginning of the 
year. Here, the mixed-integer linear optimization model is briefly 
described; the full formulation of the model is provided in Appendix A. 
The objective function: 

max
∑T

t=1
[(1 − γ)χtpt − (1 + γ)θtpt] (1)  

maximizes operational profit from electricity sales over a year of oper
ation, where χt is the amount of energy, in MWh, that is transmitted by 
the HVDC line from the wind farm and the CO2-BES facility to the load 
center during hour t, θt is the amount of energy, in MWh, that is pur
chased from the load center and stored during hour t, pt represents the 
hour-t wholesale electricity price, and γ represents the transmission-loss 
rate. 

For a given transmission capacity, the revenue that is generated by 
the wind farm operating without CO2-BES is estimated as: 

∑T

t=1
[(1 − γ)σtpt ] (2)  

where σt is the amount of electricity that is generated and sold by the 
wind farm during hour t. This expression assumes that electricity that is 
generated in excess of demand is curtailed [12]. 

2.2. Estimated Costs of the CO2-BES Facility and the HVDC Transmission 
Line 

In prior work [13], costs are estimated with Geothermal Electricity 
Technology Evaluation Model (GETEM) [32,33]. In this work, the 
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capital and annual operating costs are estimated in greater detail by 
augmenting the cost estimates from GETEM with those for geologic CO2 
storage [34] and other items (e.g., grid integration costs) [35–39]. For 
example, the annual costs of the CO2-BES facility are estimated using the 
same approach that is used within GETEM, with additional costs for CO2 
storage (e.g., site monitoring) relevant for the CO2 power cycle [34]. 

The total capital cost of the CO2-BES facility is the sum of the esti
mated capital costs of the direct CO2 cycle and of the indirect brine 
organic Rankine cycle. Each of those capital costs are the sum of the 
estimated costs to drill and equip the wells, to establish the pipelines 
from the production wells to the power plant and from the power plant 
to injection wells, of the machinery in the power plant (e.g., turbine- 
generator, cooling tower, pumps) and of the costs to construct it, indi
rect costs (e.g., project management, office work), and contingency 
costs. The capital cost estimates for the direct CO2 cycle also account for 
CO2 storage development costs. The grid integration capital cost is 
calculated for both power cycles. Section 1 of Appendix B contains more 
information on the cost estimates. 

The cost of HVDC transmission infrastructure is drawn from prior 
work [7]. 

2.3. Estimated Performance of the CO2-BES Facility 

The performance parameters of the CO2-BES facility that are needed 
for the optimization model are estimated using the same generic well 
pattern as in our prior work [13,26]. But rather than coupling well and 
power cycle models with the results of the published reservoir simu
lations—which (1) assume continuous production and injection of CO2 
and brine at artesian flowrates, (2) approximate the flowrates for time- 
shifting with energy storage from those results, (3) ignore the reservoir 
overpressure from priming, and (4) use generic reservoir characteristics 
instead of those that are specific to a particular case study—we develop a 
fully integrated model. Our integrated model allows us to (1) specify the 
injection and production well flowrates to maximize power output, (2) 
simulate energy storage by time-shifting fluid injection and production 

mass flowrates, (3) simulate the priming period and the resulting 
reservoir overpressure, and (4) parameterize our reservoir simulator 
with data that are specific to this case-study. 

The injection and subsurface flow of CO2 and brine is simulated with 
the Nonisothermal Unsaturated-saturated Flow and Transport (NUFT) 
model [40]. Some of the results for fluid properties (e.g., enthalpy, 
pressure, temperature) are used as the properties of the fluid as it enters 
the production well downhole. The wellhead properties for the pro
duction wells are determined from the well model, which are used as the 
inputs to the power cycle models. The properties of the fluids as they exit 
the power cycle models are used as the wellhead properties of the model 
for the injection wells. The well model and power cycle models are based 
on our prior work [26], and are iterated with the reservoir simulator 
until the temperature of the fluid exiting the injection well converges 
with the injection temperature that is set in the reservoir simulator. 
Section 2 in Appendix B provides more details on the integrated model of 
the CO2-BES facility. 

With this integrated model, we simulate the 30-year operation of the 
generic well pattern for a CO2-BES facility, which is based on our pre
vious work [13]. The generic well-pattern has concentric rings of fluid 
production wells (0.5 km radius), CO2 injection wells (2.0 km radius), 
brine injection wells (2.5 km radius), and brine production wells (4.0 km 
radius). The CO2-BES facility is assumed to cycle between storing energy 
(i.e., charging) for twelve hours and discharging energy (i.e., generating 
electricity) for twelve hours while continuously injecting new CO2 at a 
rate of 120 kg/s (3.78 Mt/yr). This constant CO2 injection rate increases 
the reservoir overpressure and we moderate the amount of brine that is 
re-injected during storage periods to limit this overpressure to 10 MPa 
[13]. The total brine-production flowrate is set to 5,000 kg/s in the 
priming period and in operational period, and the total CO2 flowrate is 
set to 2,000 kg/s in the priming period and to 1,000 kg/s in the oper
ational period. This CO2 flowrate does not include the 120 kg/s of newly 
captured CO2 that is constantly injected (i.e., only some of the CO2 in the 
system is circulated between the surface and the subsurface). As in prior 
work [13], these flowrates are distributed over nine CO2 production 

Fig. 1. High Voltage Direct Current Transmission Line Connecting the Wind Farm and CO2-Bulk Energy Storage Facility in Eastern Wyoming to Los Angeles, 
California. The wind resource data (blue dots) [51], the location of existing wind turbines (pink crosses) [52], and the reservoir temperature at 3 km deep [24,42–48] 
are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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wells, nine CO2 injection wells, 21 brine production wells, and 21 brine 
injection wells to maintain the flowrate of CO2 below 120 kg/s per well 
and the flowrate of brine below 240 kg/s per well. Section 2 in Appendix 
B provides more details on the flowrates. 

2.4. Estimated Profit and Break-Even CO2 Price 

The total profit of the wind farm with CO2-BES is the total revenue 
from electricity sales as determined by the mixed-integer optimization 
model, less the total annualized cost of the CO2-BES facility and the 
HVDC transmission infrastructure. The total profit of the wind farm 
without CO2-BES is the annual electricity sales, given by (2), less the 
annualized cost of the HVDC transmission infrastructure. We include the 
cost of the HVDC transmission infrastructure because the capacity, and 
thus cost, may change as a result of the implementation of CO2-BES. All 
capital costs are annualized with a capital recovery factor (CRF) of 11% 
[12]. 

The breakeven CO2 price, which is the price at which CO2-BES op
erators must be compensated for storing CO2 that results in the profit 
using CO2-BES equaling the profit without using CO2-BES, is calculated 
as: 

PwithoutCO2−BES − PwithCO2−BES

CRF*tCO2priming + tCO2operating
(3)  

where P is the profit, tCO2priming is the amount of CO2 that is stored 
permanently during the priming period, and tCO2operating is the amount of 
CO2 that is permanently stored during each year of operation. If the 
breakeven CO2 price is positive, then the CO2-BES facility would need 
revenue from CO2 storage to breakeven. If the breakeven CO2 price is 
negative, then using CO2-BES increases total profit relative to a no- 
storage case. 

2.5. Implementation of Case Study 

We choose the U.S. state of Wyoming as a case study because it has 
substantial wind resources that are currently under-developed, favor
able geothermal heat flux in the Powder River Basin (which underlies 
much of the state), and low electricity demand due to having a small 
population. Within the Powder River Basin, we use the Minnelusa 
Aquifer because it has properties that are favorable for geologic CO2 
storage and the operation of CO2-BES. It is beyond the scope of this work 
to implement a heterogeneous reservoir model. Thus, the reservoir is 
assumed to be homogeneous, flat, and of constant thickness, with a 
permeability of 10-13 m2, a porosity of 16%, a thickness of 120 m, and a 
depth of 2.7 km [41]. We apply a geothermal temperature gradient of 
42 ◦C/km, which is established from a combination of North American 
sedimentary basin, geothermal heat flux, and CO2 storage datasets 
[24,42–48]. The estimated technically accessible storage capacity of the 

Minnelusa Aquifer is 5,100 MtCO2 [41], which is about one year of 
anthropogenic CO2 emissions from the United States in 2017, or from 
1,400 GW-years natural gas combined-cycle power plants [49,50]. An 
area that is above a portion of the Minnelusa Aquifer that has a high 
geothermal temperature gradient is used for a realistic 1 GW wind farm 
(Fig. 1). 

Los Angeles, California is used as the electricity load center for a few 
reasons. First, Los Angeles has a high electricity demand due to its high 
population. Second, the U.S. state of California has aggressive policies 
that mandate the use of renewable energy for serving electric load. 
Third, an HVDC transmission line would be used to transmit electricity 
between Wyoming and Los Angeles. Six percent of the electricity that is 
transmitted over the HVDC transmission line is assumed to be lost (i.e., γ 
= 0.06 in (1) and (2)) [12]. Fig. 1 shows this case study. 

2.5.1. Baseline Parameters 
We use the most recent year (2012) of simulated wind-generated 

electricity in the case study area that is available from the Wind Inte
gration National Dataset [53]. The data from 2012 is designated to be 
baseline data. We use 2012 wholesale electricity prices from the Vin
cent_2_N101 node within the system that is managed by the California 
Independent System Operator (CAISO) [54]. 

The costs of the CO2-BES facility are estimated in 2012 U.S. dollars. 
The cost of HVDC transmission infrastructure [7] is converted to 2012 U. 
S. dollars using the producer price index adjustment factor for the 
Electric Bulk Power Transmission and Control Industry (Bureau of Labor 
Statistics Series ID PCU221121221121) [32]. 

2.5.2. Sensitivity Analyses 
Our model estimates revenue for one year of an assumed 30-year 

operational lifetime. There is thus an implicit assumption that the 
annual performance and revenue of the CO2-BES facility is constant. To 
consider sensitivity to changes in the determinants of revenue, we vary 
the electricity prices, wind conditions, and geothermal heat depletion as 
sensitivity analyses; the annual revenue from electricity depends on 
those three parameters and they are likely to change over the operating 
lifetime. We determine the optimal HVDC transmission capacity for 
every combination of values in the relevant parameter spaces, which are 
described in Sections 2.5.2.1 and 2.5.2.2. 

2.5.2.1. Electricity Prices and Wind Conditions. We use historical data 
from 2005, as well as projections for 2024, for sensitivity analyses on 
electricity prices and wind conditions. Data from 2005 are obtained 
from the same sources that are used for the base case. Data for 2024 are 
from the Southern California Edison region of California and are ob
tained from an evaluation of California’s 1,325 MW energy-storage 
mandate in the context of the California’s renewable portfolio stan
dard [55]. This mandate states that 50% of the electricity must come 

Table 1 
Mean and Standard Deviation of the Electricity Prices and Wind-Generated Electricity. The standard deviations 
are shown in parentheses and distributions of the data are provided in Section 3 of Appendix B.   

Wind-Generated Electricity [MWh] Electricity Prices [$/MWh] 

2005 326.19 (329.82)  55.90 (29.46)  
2012 423.86 (337.73)  29.72 (11.59)  

2024a 325.35 (329.39)  

Wind and Solar Energy Penetration 
Price Floor 33% 40% 
$0/MWh 43.77 (52.65) 39.75 (63.16) 

{44.56 (75.18)} {41.34 (95.16)} 
-$150/MWh 40.98 (47.24) 23.35 (82.80) 

{41.09 (74.01)} {22.21 (112.97)} 
-$300/MWh 38.64 (58.70) 7.36 (121.10) 

{37.74 (85.56)} {3.15 (144.23)}  

a Electricity prices for 2024 [55]. Numbers refer to the results from the consideration of the energy storage 
mandate, unless they are in curly braces { }. 
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from qualifying renewable resources by 2030, and CAISO policy is to set 
negative electricity prices to avoid overgeneration by renewable gen
erators. The study from which we draw the data examines twelve 
combinations of the energy storage mandate (yes or no), extent of 
renewable energy penetration (30% or 40%), and negative electricity 
prices ($0/MWh, -$150/MWh, or -$300/MWh) [55]. For wind data in 
2024, we follow prior work and shift the wind data from 2005 by two 
days, so that the days of the week align with those in 2024 [56]. Table 1 
provides summary statistics for the data sets. It shows that wind gen
eration in 2005 and 2024 is higher than in 2012. Electricity prices are 
higher in 2005 than in 2012, whereas electricity prices in 2024 can be 
higher or lower than those in 2012, depending upon the policy condi
tions that are assumed. 

The two wind generation datasets that are used [51,53] are available 
at 10-minute and 5-minute resolution, respectively. To align the wind 
data with the hourly electricity prices, we average the wind data across 
each hour. 

2.5.2.2. Geothermal Heat Depletion. Because the performance of the 
CO2-BES facility may change as geothermal heat is extracted, we use the 
simulated performance of the facility before the geothermal heat is 
depleted and when the heat is maximally depleted. These bounding 
cases of CO2-BES performance from the first and last years of operation, 
respectively, are used to account for the assumption of constant annual 
revenue from the CO2-BES facility. 

3. Results 

The degree to which the implementation of CO2-BES increases total 
profits, or results in a change in the optimal HDVC transmission ca
pacity, depends on the effect that CO2-BES has on the utilization of wind 
generation and on the utilization of the HVDC transmission capacity. 
These effects are contingent on the performance of the CO2-BES facility. 
Thus, we present the results of the integrated model of the CO2-BES 
facility in Section 3.1 and the modes of operation of the CO2-BES facility 

in Section 3.2. We then present the effect that CO2-BES has on the uti
lization of wind generation and HVDC transmission capacity in Section 
3.3, the optimal HVDC transmission capacity in Section 3.4, and the 
profitability of the CO2-BES facility and break-even CO2 prices in Section 
3.5. The effects of geothermal heat depletion are presented throughout 
these subsections. 

3.1. Performance of the CO2-BES Facility 

Over the first ten years of operation, the generic design of the CO2- 
BES facility has a charging capacity between about 60 MW and 70 MW 
and a discharging capacity of between about 90 MW and 130 MW. Fig. 2 
shows the total charging and discharging capacities of the facility over 
the modeled 30-year lifetime and the breakdown of these capacities 
between the CO2 and brine cycles. The round-trip efficiency of the CO2- 
BES facility is between 144% and 212% (92.3 MW and 64.1 MW of 
discharging and charging capacity, respectively, in year 30 and 129.8 
MW and 61.2 MW of discharging and charging capacity, respectively, in 
year 2). The round-trip efficiency is greater than 100% because the 
geothermal heat flux added energy to the system, which can be extracted 
and dispatched as electricity. The round-trip efficiency decreases over 
the first decade of operation because of the increased charging capacity 
due to the reservoir overpressure from the injection of new CO2. Over 
the remaining twenty years, the round-trip efficiency decreases largely 
because the heat in the reservoir depletes at a faster rate than it is 
replenished by the geothermal heat flux. This heat depletion decreases 
the discharging capacity. Yet, even after 30 years of operation more 
electricity is generated than stored and the round-trip efficiency is about 
144%. 

3.2. Modes of Operation of the CO2-BES Facility 

The results in Fig. 3 show that the optimization model dispatches the 
CO2-BES facility in five distinct combinations of energy storage and 
electricity generation. These modes of operation are presented in 

Fig. 2. Performance of the CO2-BES Facility in Our Case Study. The facility is operated with a 12-hour charge, 12-hour discharge cycle that is repeated continuously 
for a lifetime of 30 years. 
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Table 2. 
The amount of time the CO2-BES facility is operated in Net Energy 

Storage, Energy Storage Only, and in Electricity Generation Only modes 
decreases with higher HVDC transmission capacities, regardless of the 
degree to which geothermal heat is depleted. Fig. 3(a) shows that before 
heat depletion, operation in the Geothermal Power Plant mode increases 

as transmission is less constrained until the HVDC capacity is 300 MW, 
beyond which the amount of time in Geothermal Power Plant mode 
decreases with lower transmission constraints. In contrast, Fig. 3(b) 
shows that after heat depletion, 200 MW of transmission capacity is the 
threshold beyond which the amount of time the facility operates in 
Geothermal Power Plant mode decreases. This reversal is a result of the 

Fig. 3. Modes of Operation of the CO2-BES Facility (a) Before Geothermal Heat Depletion (b) After 30 Years of Geothermal Heat Depletion. Values that are plotted 
are the average of the results for all of the combinations of wind-generated electricity and electricity prices. 

Table 2 
Five Modes of CO2-BES Operation.  

Mode Description of CO2-BES Operation Produce Brine 
and CO2? 

Store Brine in 
Holding Pond? 

Re-Inject Brine? (S)imultaneously, 
(HP) from Holding Pond 

Re-Inject 
CO2? 

Inject New 
CO2?  

1. Geothermal Power 
Plant 

Generates more electricity than the energy that 
it is storing simultaneously 

Yes No S Yes Yes  

2. Net Energy Storage Stores more energy than it is generating 
simultaneously as electricity 

Yes No S and HP Yes Yes  

3. Energy Storage Only Only storing electricity No N/A HP N/A Yes  
4. Electricity 

Generation Only 
Only generating electricity Yes Yes No Yes Yes  

5. Idle Neither is storing energy nor generating 
electricity 

No N/A No N/A Yes  
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constrained maximum capacity of the CO2-BES facility to supplement 
wind-generated electricity to utilize the full capacity of the transmission 
line. By definition, wind-generated electricity is less than the capacity of 
the transmission line in greater hours as the capacity of the line in
creases. As a result, with a higher-capacity transmission line the CO2- 
BES facility is operated more frequently as a geothermal power plant to 
generate and transmit electricity immediately. But, the CO2-BES facility 
can discharge at most about 65 MW (about 130 MW discharge less about 
65 MW power consumption for pumping, before geothermal heat is 
depleted), which limits the potential for it to be operated as a 
geothermal power plant. With larger transmission capacities (400 MW 
in our system), it is optimal to increase the number of hours the facility 
operates in the other modes. 

Overall, the results in Fig. 3 show that CO2-BES has a unique capa
bility to extract geothermal heat and dispatch it as electricity, which is 
optimal a non-trivial portion of the year across all of the transmission 
capacities that we investigate. As a consequence, the role that CO2-BES 
can have in transmission-constrained systems reflects the flexibility of 

the technology to be used as a geothermal power plant or as an energy 
storage facility. 

3.3. Effect of CO2-BES on the Utilization of Wind generation and of 
HVDC Transmission Capacity 

Fig. 4 summarizes the average increase in the utilization of HVDC 
transmission capacity and wind generation that result from the use of 
the CO2-BES facility, across all of the combinations of electricity prices 
and wind conditions that we investigate (i.e., utilization rates are 
compared to a case without the CO2-BES facility). The figure shows that 
the CO2-BES facility has a greater effect on the utilization of the trans
mission as opposed to wind, and that these effects are consistent before 
and after the geothermal heat is depleted. For example, Fig. 4(a) shows 
that when transmission is most constrained, the utilization of the wind 
generation decreases by an average of 2.3% and the utilization of the 
transmission capacity increases by an average of 20.5%. Fig. 4(b) shows 
that after 30 years of heat depletion, the increase in the utilization of the 

Fig. 4. Average Increase in the Utilization of HVDC Transmission Capacity and Wind-Generated Electricity Due to the Use of CO2-BES. The error bars indicate the 
maximum and minimum increase across all of the 42 combinations of electricity prices and wind conditions that we investigate. 
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wind generation is always positive and greater than the increase in 
utilization before the heat is depleted. 

There are two reasons for the different trends in the utilization of 
transmission capacity and of wind farm capacity with CO2-BES. First, 
even with transmission losses between Wyoming and Los Angeles, it can 
be optimal to purchase inexpensive electricity from Los Angeles, use the 
CO2-BES facility to store that energy in the subsurface under Wyoming, 
and discharge energy to sell to Los Angeles when the price is high. This 
arbitrage of electricity prices increases the use of the transmission ca
pacity but does not necessarily affect the utilization of the wind gener
ation. Second, the geothermal heat flux provides energy that can be used 
to generate electricity while simultaneously storing energy in the sub
surface. The additional energy from the geothermal heat flux results in a 
further increase in the utilization of the transmission capacity. In fact, 
the options to arbitrage electricity prices and to dispatch geothermal- 
generated electricity allow for instances in which it is profitable to 
curtail wind generation, especially when the transmission capacity is 
most constrained. This displacement of wind-generated electricity with 
geothermal-generated electricity occurs because revenue can be realized 
from the sale of geothermal-generated electricity, regardless of whether 
or not the wind farm generates electricity. As a result, when CO2-BES is 
used in the most transmission-constrained settings, there is a decrease in 
the use of the wind generation and the greatest difference between the 
change in utilization of transmission capacity and the change in utili
zation of the wind farm. 

3.4. Effect of CO2-BES on the Optimal HVDC Transmission Capacity 

Table 3 summarizes the optimal amounts of HVDC capacity with and 
without the CO2-BES facility in cases with different wind and electricity- 
price conditions. For cases with the CO2-BES facility, changes in optimal 
amounts of HVDC capacity relative to a case without a CO2-BES facility 
are reported for the years 1 and 30 (i.e., with no and most geothermal- 
heat depletion). The table shows that the profit-maximizing amounts of 
HVDC capacity without the CO2-BES facility range between 300 MW and 
800 MW, with 500 MW being the most frequent optimal transmission 
capacity. Moreover, optimal HVDC capacities for a given wind condition 
are constant across the variations of parameters for the year 2024. This 
result suggests that, holding wind conditions constant, policy uncer
tainty surrounding the future treatment of the renewable portfolio 
standard and energy-storage mandate in the CAISO system should not 
affect using HVDC for interconnecting wind-generated electricity into 
California. 

With CO2-BES, the range of optimal transmission capacities narrows 
to be between 400 MW and 800 MW, regardless of the degree of the 
geothermal heat depletion. This smaller range of optimal transmission 
capacities occurs because it is never optimal to use a 300 MW trans
mission line with a CO2-BES facility. Furthermore, the distribution of 
optimal transmission capacities with CO2-BES is tighter, more bi-modal, 
and symmetric with equal density at 500 MW and 700 MW before the 

geothermal heat is depleted. 
In five of the combinations of electricity prices and wind conditions, 

there is an increase in the optimal transmission capacity with CO2-BES, 
as opposed to the two cases with geothermal heat depletion. With CO2- 
BES, it is never optimal to invest in more transmission capacity in the 
case with the highest electricity prices (i.e., prices for the year 2005). 
But, in cases in which electricity prices are the lowest (i.e., prices for the 
year 2012), the only scenario in which inclusion of a CO2-BES facility 
does not result in an increase in transmission capacity occurs after the 
geothermal heat is depleted with the windiest conditions. 

Uncertainty in the future of the electricity system managed by the 
CAISO has a minor effect on optimal transmission capacity when in the 
presence of a CO2-BES facility. More specifically, it is optimal to invest in 
more transmission capacity in one of the twelve combinations of pro
jected electricity prices for the year 2024, which is before the 
geothermal heat is depleted in two of the three wind conditions. 

Holding everything else constant, revenue increases with higher 
electricity prices and with higher amounts of wind generation. Thus, 
optimal transmission capacities are largest when the electricity prices 
are the highest and in the windiest conditions (i.e., in cases with prices 
from 2005 and wind conditions from 2012). As a result, if electricity is 
expected to be costlier, or conditions expected to be windier, larger- 
capacity transmission lines should be installed. 

3.5. Total Profit and Break-Even CO2 Prices 

Table 4 summarizes the distribution of break-even CO2 prices across 
the different wind condition and electricity price cases that we analyze. 
The break-even CO2 price is $10.75/tCO2 when revenue from electricity 
sales is not included, which is the rate at which CO2-BES operators 
would need to be compensated for storing CO2 to offset the cost of the 
CO2-BES facility. In this case, wind and electricity price conditions have 
no effect on the break-even price. When revenue from electricity sales is 
considered, the break-even CO2 prices decreases by 8.19% to 27.63% 
(no heat depletion) or 5.11% to 23.16% (maximum heat depletion). In 
other words, the revenue from selling electricity across the different 
electricity-price, wind-condition, and heat-depeletion cases that we 

Table 3 
Profit-Maximizing HVDC Transmission Capacity [MW]. The entries with CO2-BES indicate the change from the optimal capacity without CO2-BES.  

Electricity Prices Wind Conditions 

2005 2012a 2024 

w/o CO2-BES Δw/ CO2-BES Heat Depletion w/o CO2-BES Δw/ CO2-BES Heat Depletion w/o CO2-BES Δw/ CO2-BES Heat Depletion 

None Most None Most None Most 

2005b 700 +0 +0 800 +0 +0 700 +0 +0 
2012 300 +100 +100 500 +100 +0 300 +100 +100 
2024c 500 +100 +0 700 +100 +0 500 +0 +0 
2024d 500 +0 +0 700 +0 +0 500 +0 +0  

a 2012 has the windiest conditions, on average, of the three years that we consider. 
b 2005 has the highest electricity prices, on average, of the three years that we consider. 
c 33% renewable penetration; no energy storage mandate; $0/MWh price floor. 
d All of the eleven other combinations. 

Table 4 
Break-Even CO2 Prices to Equate Profit from the Wind Farm with Additional 
Revenue from Geologic CO2 Storage using CO2-BES [$/tCO2]. The percentages 
in parenthesis are the change from the break-even CO2 price without revenue 
from electricity sales ($10.75/tCO2).   

Before Heat Depletion After Heat Depletion 

Minimum 7.78 (−27.63%) 8.26 (–23.16%) 
25th Percentile 8.73 (−18.79%) 9.20 (–14.41%) 
Median 9.19 (−14.5%) 9.72 (–9.58%) 
75th Percentile 9.34 (−13.12%) 9.85 (–8.37%) 
Maximum 9.87 (−8.19%) 10.20 (–5.11%)  

J.D. Ogland-Hand et al.                                                                                                                                                                                                                       



Energy Conversion and Management 228 (2021) 113548

9

analyze is worth at a maximum approximately $3/tCO2. 
All break-even CO2 prices are positive, which indicate that the total 

profit decreases when a CO2-BES facility is built. Although CO2-BES 
increases revenue, profit decreases because the cost of the CO2-BES fa
cility exceeds the incremental revenue from electricity sales. More 
specifically, the total annualized cost of the CO2-BES facility is $167.4 
million per year while the average annual increase in revenue from 
electricity sales with CO2-BES ranges from $13.2 million (in the most- 
transmission constrained case) to $27.5 million (in the least- 
transmission constrained case) before geothermal heat depletion. The 
break-even CO2 prices are modest and below $11/tCO2 because the CO2- 
BES facility stores approximately 220 MtCO2 in the Minnelusa aquifer 
over the lifetime. This consists of 107 MtCO2 over the three-year priming 
period and 3.8 MtCO2/yr for the remaining 30 years of operation. Sec
tion 4 of Appendix B provides more details on the estimated costs of the 
CO2-BES facility and revenue from electricity sales. 

4. Discussion and Conclusions 

Reducing CO2 emissions into the atmosphere is one of the pressing 
challenges facing energy systems. To bridge to a cost-effective and 
environmentally benign energy system, the deployment and utilization 
of energy technologies with low and perhaps negative CO2 emissions 
requires the integration of pertinent resources, systems, and infra
structure. Wind and solar energy technologies are necessary but insuf
ficient, in part because of the temporal variability of electricity that they 
generate, and the potential geospatial mismatch between major elec
tricity demand centers and high-quality wind and solar resources. 
Geologic storage of CO2 is another vital component of the portfolio of 
approaches to mitigate climate change, and the CO2-BES approach that 
we consider here isolates CO2 in the subsurface, stores energy to time- 
shift variable electricity generation, and extracts geothermal heat to 
generate electricity. 

We investigate how CO2-BES could integrate with wind energy 
technologies and HVDC transmission infrastructure to address the 
temporal and spatial variability of wind-generated electricity to support 
the evolution of climate-benign energy systems. We use a realistic case 
study to investigate how a wind farm that is located above a sedimentary 
basin geothermal resource may benefit from CO2-BES, and if CO2-BES 
could increase the utilization and capacity of HVDC transmission. To do 
so, we simulate the operation of a CO2-BES facility and use the process- 
level results in a profit maximization model to determine optimal HVDC 
transmission capacity and break-even CO2 prices. As sensitivity ana
lyses, we consider past and projected electricity prices and wind con
ditions and also include a bounding analysis of the performance of the 
CO2-BES facility before and after 30 years of geothermal heat depletion. 
Even though we investigate a realistic case study in the United States, it 
is generalizable from the perspective that the highest quality wind re
sources are located in the central quarter of the contiguous United States 
and also overlie major sedimentary basins that are targets for geologic 
CO2 storage [24,51]. The ubiquity of these basins worldwide [57], 
suggests that it is likely that many high-quality wind and geothermal 
resources are co-located [26], and that they are not necessarily located 
where there is high electricity demand. 

As such, the broad nature of our analysis yields the following three 
general conclusions.  

1. Subsurface energy storage in sedimentary basin geothermal resources can 
operate in several modes, including as a geothermal power plant. 
Consistent with our prior work [13,26,58], the geothermal energy 
makes it possible for the CO2-BES facility to extract and dispatch 
more energy than is stored throughout its operational lifetime. As a 
result, the facility could be dispatched as an energy storage facility or 
as a geothermal power plant. It is dispatched as a geothermal power 
plant between one-eighth and one-quarter of the year over the 
various transmission constraints, degrees of geothermal heat 

depletion, and combinations of wind conditions and electricity prices 
that we investigate. We are not aware of another approach to bulk 
energy storage that could have a round-trip efficiency greater than 
100%, or that could operate like a power plant.  

2. Subsurface energy storage in sedimentary basins could provide value in 
transmission-constrained electricity systems. The use of CO2-BES in
creases revenue in all of the combinations of electricity prices, wind 
conditions, and transmission constraints that we investigate. This 
increase in revenue is partly a result of the increase in the utilization 
of the transmission capacity by CO2-BES time-shifting wind-gener
ated electricity or dispatching geothermal-generated electricity.  

3. Subsurface energy storage can result in an increase in long-distance 
transmission capacity. In a subset of results, and more often before 
geothermal heat is depleted than after 30 years of depletion, the 
increase in revenue with CO2-BES is enough to increase the optimal 
capacity of the HVDC transmission line. 

These conclusions stem from our results, which incorporate a num
ber of assumptions in the modeling and simulations. Addressing these 
assumptions is beyond the scope of this work, but we present them here 
as three potential avenues for future work.  

1. Our approach assumes that the optimal charge and discharge cycles 
of a CO2-BES facility could be represented by simulations with 
continuous cycles of twelve hours of charging and twelve hours of 
discharging. This assumption follows from our prior work, which 
shows that a facility can be operated with flexibility as long as there 
are equal durations of charging and discharging energy [59]. This 
prior work shows also that the performance of a facility is relatively 
constant across different durations, so long as the discharge period is 
not consistently longer than the charging period. Future work could 
iterate between the optimization model and the CO2-BES simulations 
to couple the operation of the facility and the influence on optimal 
transmission capacity and utilization. Another option would incor
porate idle periods amidst the charging and discharging periods. 
These idle periods would decrease the rate of geothermal-heat 
depletion and the rate at which the round-trip efficiency declines. 
Combined, these effects should extend the usable lifetime of the CO2- 
BES facility and thus increase total revenue from electricity sales.  

2. Our approach couples the operation of the CO2 power cycle and the 
brine power cycle, but they could be independent. For example, as 
long as the reservoir overpressure is between the fracture pressure of 
the caprock and the pressure where brine would flash as it loses 
pressure ascending up the production well, total revenue could in
crease by using the brine cycle to increase the optimal HVDC- 
transmission capacity and using the direct CO2 cycle to provide 
high-value ancillary services. Another option could be only to build 
and operate the brine power cycle. The CO2 power cycle comprises 
about 30% of the capital costs but provides at most about 10% of the 
total energy output. With this design, the CO2 injection would be 
used to increase the reservoir overpressure and the charging 
capacity.  

3. We implement a generic design of a CO2-BES facility that is not 
optimized for the case study. For example, the placement of the in
jection and production wells does not capitalize on the permeability 
heterogeneity in the Minnelusa Aquifer for the best performance of 
the facility. Similarly, we examine a location with a relatively high 
estimated geothermal heat flux. Yet, the system is not designed to use 
this heat flow optimally. We consider a 1 GW wind farm, indepen
dent of the design of a CO2-BES facility. Real applications should 
mutually consider the capacity of the energy technologies and the 
characteristics of their variability. 

While the implementation, operation, and system integration of the 
CO2-BES facility in this study are not optimized, the facility would be 
profitable if it is compensated modestly for geologically storing CO2. The 
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estimated breakeven CO2 prices of between $7.78/tCO2 and $10.20/ 
tCO2 are comparable with the historical CO2 prices in California [60] 
and in the Regional Greenhouse Gas Initiative in the Northeast United 
States [61], and are below the 45Q U.S. Federal tax incentive [62] and 
estimates of the social cost of CO2 [63]. 

Pursuing any of the following avenues for future work could also 
increase the revenue of the CO2-BES facility and potentially make it 
profitable. For example, if the CO2 production wells are located at the 
top of the reservoir to benefit from the natural buoyancy of CO2 at 
reservoir conditions, the priming period and geothermal-heat depletion 
would decrease, which would slow the decline in discharging capacity. 
As such, the operational lifetime would increase, as would the total 
revenue. The lateral extent of the CO2 plume would also be smaller, 
which would reduce costs for assessing and monitoring the Area of Re
view under the U.S. Environmental Protection Agency Underground 
Injection Control Class VI regulations. Moreover, the facility would 
benefit from an additional $15/tCO2 under the current structure of the 
U.S. 45Q federal tax credit [62] if the CO2 power cycle were removed. 

Because CO2-BES can provide time-shifting energy storage services 
(i.e., as an energy storage facility), CO2 storage services (as part of a CCS 
process), and dispatchable “firm” power (i.e., as a geothermal power 
plant), it is likely that CO2-BES could provide systems-level value to the 
overall effort to decarbonize the electricity system [26]. In this sense, it 
is just as important for policy to enable the development and deploy
ment of technologies like CO2-BES as it is for efforts to optimize these 
technologies and their application. For example, policies like a renew
able energy production tax credit, pricing renewable energy certificates, 
instituting renewable energy portfolio standards, or implementing 
mechanisms that put a cost on CO2 emissions, could increase revenue for 
operators of CO2-BES or other CO2 utilization technologies even if the 
system design is not optimized. Uncertainty in electricity prices and 
wind conditions can have ramifications for under- or over-sizing the 
HVDC transmission line, and such policy would be beneficial to CO2-BES 
operators because it would likely be more certain than the other 

variables that influence the value that CO2-BES has in transmission 
constrained electricity systems (i.e., electricity prices and wind condi
tions). Such certainty can facilitate investment in climate benign tech
nology and infrastructure, as long as it is and is robust to market 
fluctuations and political winds. 

CRediT authorship contribution statement 

Jonathan D. Ogland-Hand: Conceptualization, Methodology, 
Software, Validation, Formal analysis, Investigation, Data curation, 
Writing - original draft. Jeffrey M. Bielicki: Conceptualization, Meth
odology, Validation, Formal analysis, Investigation, Data curation, 
Writing - original draft, Supervision, Project administration, Funding 
acquisition. Benjamin M. Adams: Resources. Ebony S. Nelson: 
Investigation. Thomas A. Buscheck: Resources. Martin O. Saar: . 
Ramteen Sioshansi: Conceptualization, Methodology. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors gratefully acknowledge funding from the U.S. National 
Science Foundation Innovations at the Nexus of Food, Energy, and Water 
Systems (INFEWS) program (1739909), National Research Traineeship 
Program (1922666), and SedHeat Research Coordination Network, as 
well as the Sustainability Institute and the Center for Energy Research 
Training and Innovation at The Ohio State University, the Big Ten 
Summer Research Opportunities Program, the Werner Siemens Foun
dation (Werner Siemens-Stiftung, WWS) and ETH-Zürich. We also thank 
Kenjiro Yagi and Dr. Paul Denholm for providing data.  

Appendix A:. Full specification of the mixed integer linear optimization model 

A.1 Optimization model nomenclature 

We begin by defining notation for the optimization model. 

A.1.1 Sets, Parameters, and Functions 

T – the number of hours in the planning horizon 
γ – transmission losses across the HVDC transmission line [per unit] 
pt – the price of electricity during hour t [$/MWh], t = 1,…,T 
κs – the maximum amount of electricity that could be stored by the CO2-BES facility during an hour [MWh] 
κd – the maximum amount of electricity that could be generated by the CO2-BES facility during an hour [MWh] 
H – the maximum length of time that a CO2-BES facility can dispatch electricity at capacity [hours] 
x – the amount of electricity that is required to constantly inject external CO2 during an hour [MWh] 
G0 – the maximum amount of energy that could be extracted from the geothermal resource over the planning horizon [MWh] 
τ – the maximum amount of power that the HVDC transmission line can transmit [MW] 
wt – the amount of electricity generated by the wind farm that is available to be used during hour t [MWh], t = 1,…,T 

We model the operation of the CO2-BES facility operating with a wind farm to sell electricity to a distant load center via an HVDC transmission line 
over T hourly time periods. γ measures the proportion of the electricity that is transmitted via the HVDC transmission line that is lost. A maximum of τ 
MW can be transmitted at any given time. When electricity is sold or purchased during hour t, the operator of the hybrid CO2-BES and wind farm 
facility sells or purchases at electricity price pt. The CO2-BES facility operator can store a maximum amount of electricity κs or discharge a maximum 
amount of energy κd during any given hour period and can maintain that operation for H hours. In every time period, t, x MWh of electricity are 
constantly required to inject new CO2 into the sedimentary basin geothermal resource and the wind farm can generate up to wt MWh. Finally, a 
maximum of G0 MWh of geothermal energy can be extracted and dispatched as electricity cumulatively over T. 
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A.1.2. Decision Variables 

χt – the amount of electricity sold during hour t [MWh], t = 1,…,T 
θt – the amount of electricity purchased during hour t [MWh], t = 1,…,T 
lt – state of energy of the CO2-BES facility at the end of hour t [MWh], t = 1,…,T 
st – the amount of electricity stored by CO2-BES facility during hour t [MWh], t = 1,…,T 
dt – the amount of electricity dispatched by CO2-BES facility during hour t [MWh], t = 1,…,T 
Gt – the amount of energy remaining to be extracted from the geothermal resource at the end of hour t [MWh], t = 1,…,T 
At – the amount of electricity that could be stored during hour t [MWh], t = 1,…,T 
wt – the amount of electricity generated by the wind farm that is not curtailed during hour t [MWh], t = 1,…,T 
β1,t – binary variable that is 1 when the CO2-BES and wind farm hybrid facility is purchasing electricity during hour t, t = 1,…,T 
β2,t – binary variable that is 1 when the CO2-BES and wind farm hybrid facility is selling electricity during hour t, t = 1,…,T 

β1,t and β2,t are binary variables that represent if the hybrid facility is purchasing electricity from or selling electricity to the major load center. 
β1,t = 1 if electricity is being purchased during hour t, and equals zero otherwise. β2,t = 1 if electricity is being sold during hour t, and equals zero 
otherwise. χt represents the amount of electricity sold by the hybrid facility during hour t and θt represents the amount of electricity purchased by the 
hybrid facility during hour t. lt represents the state of energy of the CO2-BES facility at the end of hour t. st and dt represent the amount of electricity 
that are stored and dispatched by the CO2-BES facility during hour t, respectively. Gt is the ending hour-t amount of geothermal energy remaining that 
could be extracted during future hours. At represents the amount of electricity that could be stored during hour t. In other words, this variable 
represents the amount of brine in the surface holding pond that is available to be re-injected when the CO2-BES operator stores electricity. 

A.2. Optimization model formulation 

The problem is formulated as maximizing the operational profit from net electricity sales: 

max
∑T

t=1
[(1 − γ)χtpt − (1 + γ)θtpt] (A1) 

subject to:  

• storage level balance: 

lt = lt−1 +
κd

κs
st − dt ∀t = 1, ⋯, T (A2)    

• ability to charge: 

At = At−1 +
κs

κd
dt − st ∀t = 1, ⋯, T (A3)    

• geothermal energy extraction: 

Gt = Gt−1 −
G0

κd*H*365
dt ∀t = 1, ⋯, T (A4)    

• electrical energy balance: 

χt − θt + st + x − dt = wt ∀t = 1, ⋯, T (A5)    

• electricity storage constraint: 

st ≤ At−1 ∀t = 1, ⋯, T (A6)    

• wind availability: 

0 ≤ wt ≤ wt ∀t = 1, ⋯, T (A7)  
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• CO2-BES facility power output capacity: 

0 ≤ dt ≤ κd ∀t = 1, ⋯, T (A8)    

• CO2-BES facility energy storage capacity: 

0 ≤ lt ≤ Hκd ∀t = 1, ⋯, T (A9)    

• CO2-BES facility power storage capacity: 

0 ≤ st ≤ κs ∀t = 1, ⋯, T (A10)    

• transmission capacity: 

θt ≤ β1,tτ ∀t = 1, ⋯, T (A11)  

χt ≤ β2,tτ ∀t = 1, ⋯, T (A12)  

β1,t + β2,t ≤ 1 ∀t = 1, ⋯, T (A13)    

• non-negativity: 

σt, θt, Gt ≥ 0 ∀t = 1, ⋯, T (A14) 

Objective function (A1) maximizes the operational profit from selling electricity from a location with favorable wind and sedimentary basin 
geothermal resources to a location with high demand. The operational profit is defined as the difference between the revenue from selling electricity to 
the load center and the electricity purchased from the load center. Constraints (A2) track the level of energy stored by the CO2-BES facility, which is 
defined as the amount of stored energy in the previous time period plus any energy stored in the current time period less any energy dispatched. 
Together with Constraints (A9), they ensure that no more energy can be stored in a given time period than the CO2-BES facility has capacity to store. 
Constraints (A3) tracks the brine in the holding pond at the surface that is available to be re-injected. These constraints and Constraints (A6) ensure 
that electricity cannot be stored via re-injecting brine if there is no brine in the holding pond to re-inject. Constraints (A4) track the total amount of 
geothermal energy that has yet to be extracted and used to generate electricity. These constraints along with Constraints (A14) ensure that more 
geothermal electricity cannot be extracted than is available to be extracted. Constraints (A5) are the electrical energy balance, which ensure that the 
amount of electricity sold to the distant load center, less the amount of electricity purchased, plus the amount of electricity stored by CO2-BES, plus the 
electricity required to inject new CO2, less the electricity dispatched by CO2-BES, less the electricity generated by the wind farm, equals zero. Con
straints (A7) ensure that more electricity from the wind farm cannot be generated than is available to be generated. Constraints (A8) and (A10) limit 
the power that is dispatched or stored in any time period to the charging and discharging capacities of the CO2-BES facility. Constraints (A11), (A12), 
and (A13) together limit the amount of electricity that can be transmitted on the HVDC transmission line to the capacity of the line and also ensure that 
electricity can only be transmitted in one direction during any given hour, t. 

A.1.3. Optimization model inputs that are influenced by the integrated model of CO2-BES 
We set the maximum length of time that a CO2-BES facility can dispatch electricity at capacity (i.e., H) to 12 h. This is because we simulate 

operation of the CO2-BES facility assuming two repeating 12-hour cycles daily in the integrated model of CO2-BES. Although we do not simulate idle 
periods (i.e., periods during which electricity neither is stored nor discharged) in the integrated CO2-BES model, it is possible that the optimal 
operation of CO2-BES, as determined by the optimization model, includes idle periods throughout the year. To ensure that the electricity that is 
required to constantly inject CO2 (i.e, x) is accounted for during idle periods, we separate it out in Constraints (A5). As a consequence, we increase the 
discharge capacity (Kd) and decrease the charging capacity (Ks) by the value of x, so that the net discharging or charging from the CO2-BES facility is 
represented appropriately. For example, if the CO2-BES facility could dispatch a maximum of 130 MWh or charge a maximum of 60 MWh, and 2 MWh 
were required to inject CO2 constantly, then x is set to 2, Ks is set to 58, and Kd is set to 132. As a result of this separation in (A5), all of the values of x, 
Ks, and Kd are all required to define charging and discharging capacities within the optimization model for a given heat depletion scenario. We use the 
values that are listed in Table 5 for each heat depletion scenario that we optimize for this study. 

We determine the amount of geothermal energy that is available to be extracted in a given year by using reservoir simulation results from NUFT to 
calculate the energy in the sedimentary basin over time. The units are converted from MJ to MWh to align with the units that are used in the opti
mization model. For example, the amount of energy that is available to be extracted in year one (i.e., 8,454,383.74 MWh) is the difference between the 
total amount of energy in the reservoir after year one and year zero. 

Table 5 
Optimization Model Inputs that Vary Based on Level of Geothermal Heat Depletion.  

Geothermal Heat Depletion 
Scenario (Year) 

Electricity Storage Capacity 
(Ks) [MWh] 

Electricity Dispatch Capacity 
(Kd) [MWh] 

Electricity Needed Inject External 
CO2 (x) [MWh] 

Geothermal Energy Available to be 
Extracted (G0) [MWh] 

No Heat Depletion (1)  59.1  131.89  2.10  8,454,383.74 
High Heat Depletion (30)  62.5  93.85  1.55  5,207,435.52  

J.D. Ogland-Hand et al.                                                                                                                                                                                                                       



Energy Conversion and Management 228 (2021) 113548

13

Appendix B. Supplementary data 

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.enconman.2020.113548. 
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