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Phase-based design of CO,
capture, transport, and storage
infrastructure via SimCCS>?°

Zhiwei Ma, Bailian Chen"* & Rajesh J. Pawar™*

The design of optimal infrastructure is essential for the deployment of commercial and large-scale
carbon capture and storage (CCS) technology. During the design process, it is important to consider
CO, capture and storage locations and CO, transportation pipelines to minimize the total project cost.
SimCCS, first introduced in 2009, is an integrated open-source tool to optimize CCS infrastructure. The
core CCS infrastructure design problem in SimCCS is structured as a mixed-integer linear programming
problem by selecting the optimal pipeline routes, searching CO, source capture and storage locations,
and determining the corresponding CO, amounts to meet desired capture targets. Multiple important
and practical features have been developed to the latest version of SimCCS, SimCCS3. One of these
features is phase-based modeling which enables users to dynamically design the CCS infrastructure.
We demonstrate the phased-based modeling capability using two CCS infrastructure optimization
case studies. The results from these case studies reveal that the phase-based modeling capability in
SimCCS is particularly useful to optimize the dynamic deployment of CCS projects.

Carbon capture and storage (CCS) refer to the capturing and then storing CO, into subsurface formations, such
as saline aquifers, depleted oil/gas reservoirs, and coal seams'. CCS is an important technology to reduce CO,
emissions from various sources to the atmosphere? and it is essential for clean energy transition to alleviate
climate change by limiting global warming to 2 °C. In 2018, the U.S. Congress enacted the Bipartisan Budget
Act of 20183, in which the US Internal Revenue Code Section 45Q was reformed*. Section 45Q indicates that
operators can claim tax credits if storing CO, in saline and other forms of geologic storage and using CO, for
enhanced oil recovery. The 45Q tax credit can only be claimed for 12 years once a facility is placed in service*.
However, commercial-scale CCS projects are expected to potentially last longer than 12 years, for example, a
CarbonSAFE project in US will last for 30 years. To consider this time-varying 45Q credits in CCS modeling, it
is also necessary to develop phase-based CCS design tool to consider the 45Q tax credits.

Additionally, a certain CCS project often evolves multiple CO, point sources from various types of facilities,
such as power plants, natural gas processing plants, hydrogen plants, and ethanol plants. In practice, not all the
capturing facilities start operating at the same time and lasting for the entire project life. For example, some new
facilities may become available after certain years due to delay in construction or deployment and some coal
power plants may gradually be shut down and phased out. Specifically, as indicate by Climate Analytics, the global
coal-fired power generation should be reduced and phased out before 2040°. This information can be obtained or
anticipated before designing CCS project deployment. Including this prior information into CCS infrastructure
design process would improve the effectiveness and feasibility of CCS design. Therefore, a new capability to
model various scenarios of source status for CCS operations is required, which is another motivation of this work.

The successful deployment of any CCS project requires the proper design of CCS infrastructure related to
CO, point sources, storage sites, and pipeline networks®. SimCCS, an open-source CCS design tool developed
by Los Alamos National Laboratory, is capable of performing CCS infrastructure designs to meet certain decar-
bonization targets®™. SimCCS is one of the most used tools for CCS design optimization. Since first released in
2009, SimCCS has been applied to different types of CCS infrastructure development problems'®!!. SimCCS is
written in Java language and is an open-source CCS design tool and it is available to download, test, and further
develop via GitHub. Although its feasibility and effectiveness of the recently released version of this tool®, have
been demonstrated through various studies, further developments have to be made to solve more complex and
challenging CCS deployment problems including phased-based modeling of CCS project design.

Here, we have developed and added a new capability in SimCCS tool to dynamically model CCS operation
tool. The dynamic modeling capability entails the partition of the predefined project life into multiple time
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intervals and then performing of CCS infrastructure design by aggregating time-dependent quantities of inter-
est together during optimization. This dynamic modeling module enables users to divide a CCS project into
multiple phases and to define time-varying CO, capturing targets according to their specific needs. Here, using
the developed feature, we can simulate the evolution of CCS operations and deployments over time. Specifically,
with the dynamic module in SimCCS, we can model two practical operational scenarios including the considera-
tion of enhanced 45Q tax credits and dynamic evolution of CO, point source open/closed status, which will be
discussed in detail in this work.

A typical CCS infrastructure consists of CO, capturing facilities or point sources, CO, injection and storage
facilities, and CO, transportation pipeline networks that connect sources and sinks!?-1°. Before deploying any
CCS project, it is essential to perform a systematical and proper CCS infrastructure design analysis, otherwise,
many potential issues, e.g., higher costs and/or increased risks may be raised. The questions that need to be
answered during the CCS infrastructure design include (1) how many tonnes of CO, is captured from each CO,
point source, (2) where and how much the captured CO, should be stored in geologic sinks, (3) where pipelines
should be built to transport CO, and what is the size and length of each pipeline segment, (4) how to determine
optimum flow rates for CO, transportation, etc. Because these questions are often inter-dependent, correlated
and cannot be solved independently, it is necessary to integrate these CCS design questions into one optimiza-
tion problem, in which each decision parameter can be determined by minimizing or maximizing a defined
objective function with some constraints.

Optimization is a commonly used technique in energy resources productions'®-*° and CO, storage?'. However,
limited studies of the comprehensive optimization of CCS infrastructures related to the consideration of CO,
point sources, CO, storage sinks, and the pipeline network that connects sources and sinks have been reported in
the past. Examples of CCS infrastructure optimization can be found in several previous studies'*~'>?2. Although
some previous studies have investigated the dynamic features for CCS infrastructure designs”'?, many of the
existing studies did not consider the varying capture amounts from different sources and the dynamic evolution
of statuses of open/closed for different sources and the enhancement of 45Q tax credits. In addition, the applica-
tion of dynamic modeling in large-scale CCS project deployment design has rarely been explored in literature.
Here, we fill this research gap by developing phased-based CCS infrastructure modeling.

As presented in Fig. 1. There are three panels available in SimCCS??, including (1) Data panel for importing
and visualizing input data (sources, sinks, and candidate networks if generated) and for generating new candidate
pipeline networks, (2) Model panel for selecting CSS project design scenario and for preparing the corresponding
input files for optimization, and (3) Results panel for visualizing the optimized solutions in terms of pipeline
construction and source/sink usages and providing quantitative analysis of CCS operations, such as unit cost for
capturing, storing, etc. In SimCCS*’, two CCS technology deployment analysis modules are available including
the Cap module® and the Price module?. The Cap module can be used to determine optimum CO, infrastructure
to meet a project CO, capture target by minimizing the total project cost while the Price module can be used
to determine whether the system-wide CO, is emitted or is captured, transported, and stored according to a
predefined price®.

The new version of SimCCS is SimCCS>%, which consists of four main components, i.e., SimCCS, NiCO,LE,
SCO,T***, and CostMAP?. NiCO,LE provides input data related to CO, point sources, e.g., source locations and
corresponding capturing cost, SCO,T prepares input data related to the storage side including sink locations and
injection costs, etc., CostMAP generates a realistic cost surface, which is then applied for the generation of candi-
date pipeline routes, and SimCCS is the core optimization engine to determine the optimum CCS infrastructures
and deployments using the provided inputs from the previous three components. The CCS design optimization
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Figure 1. Different panels in SimCCS*°.
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in SimCCS*’ is represented as a mixed-integer linear programming (MIP) problem because of its advantages
of flexibility, rigorousness, robustness, and extensive modeling capabilities for design optimization problems?.

The contribution of this study is summarized here. First, we have developed and implemented the dynamic
modeling framework for CCS project design optimization and integrated the developed capabilities into the new
version of open-source SimCCS*°. Second, we investigate CCS infrastructure design optimization by including
two practical operation and design considerations including potential enhancements to 45Q tax credits and
dynamic evolution of CO, point source status. Finally, we tested the developed methods via two case studies and
the results demonstrate the feasibility, robustness, and effectiveness of our methods. The structure of this paper
goes as follows: We will introduce the integration of dynamic modeling into SimCCS*’ in Sect. "Phase-based
modeling". Next, we will test developed functionalities on two hypothetical case studies including a case study
focused on Wyoming and a case study focused on the intermountain west (I-WEST) region of the US in Sect.
"Case studies”. Finally, we will summarize the major findings of this work in Sect. "Conclusion".

Phase-based modeling

Basic model formulations. The basic formulations presented here are adapted from several previous Sim-
CCS studies®**. For more detailed explanations of these formulations, those publications can be referred to. In
this paper, we will briefly introduce the formulations and equations. The CCS infrastructure design problem
can be formulated as a MIP problem, which involves an objective function, decision variables, and constraints.
To implement phase-based CCS design, it is required to partition the entire project time horizon (Lproject) into
multiple time intervals, and each interval can be represented as t with the length of L;. Thus, the summation of
Ly over all the ¢ time intervals is equal to Lyygjec. The objective function J to be minimized is given by:

J =3 (Fsig 4 Viair) + (Z 2D Brcker + 2. D > ak,cPk,c,t)

ieSteT keK ceCteT keK ceCteT

Yy (F; e+ F'wi + ijgbj,t>
jERteT

(1)

J consists of three components, i.e., costs related to CO, capture (the first term), costs related to CO, pipeline
construction and transportation (the second term), and costs related to CO, storage (the third term). Specifi-
cally, capture and storage costs cover the fixed costs for opening sources, sinks, and wells and the variable costs
for capturing and storing one tonne of CO,. The definitions of decision and input parameters are presented in
Tables 1 and 2.

The constraints for the MIP problem are provided in Egs. (2)-(12). Specifically, Eq. (2) enforces the flow rate
of CO, in one pipeline segment is between its minimum and maximum transportation capacities, respectively,
Eq. (3) ensures that flow conservation at each node. In this equation, the subscripts src and dst indicate the inflow
and outflow of a certain node, respectively. If the node is a CO, point source (the top row), then the annual flow
rate at this node is the CO, capture amount; on the other hand, if this node is a CO, storage site (the middle
row), the annual flow rate at this node is annual injection amount. Otherwise, the annual inflow and outflow
flow rates of this node are the same (the bottom row). Equation (4) allows at most one linear piece of pipeline to
be used. Equation (5) illustrates the CO, capture requires the open status of the source and the capture amount
from a given source is below its maximum capacity. Similarly, Eq. (6) ensures that a well must be drilled before
injecting CO, and the injected amount is below its injection capacity. Equation (7) ensures that CO, storing
amount at a given time interval is less than the storage capacity of the reservoir. It should be noted that although
Egs. (6) and (7) are quite similar, their functionalities are different because Eq. (6) focuses on each individual
well injection cap and Eq. (7) focuses on the entire reservoir storage cap. Since these two equations are applied
to each time interval, therefore, no summations are required. Equation (8) enforces that the total capture amount
from all the sources meets the prescribed emission target. Equation (9) is related to Eq. (7) but it constrains the
cumulative CO, stored in the reservoir below the storage capacity. Equation (10) is applied to ensure that only
one segment of the pipeline can be built between two notes at most. Equation (11) ensures that the pipeline seg-
ment must be built before the starting of transporting CO,. This constraint is important because we must make
sure that the pipeline is built first then it can be used for CO, transport. No further construction related cost is
applied after this pipeline is built.

it Source node i is open/closed during time interval ¢ Integer, {0, 1}

Tjt Reservoir node j is open/closed during time interval ¢ Integer, {0, 1}
Wit Number of opened wells at reservoir j during time interval ¢ Integer, {0, ..., n}
Ykt | Pipeline segment k with trend c is open/closed for CO, transport during time ¢ Integer, {0, 1}
Ziot Pipeline segment k with trend c is built or not during time interval ¢ Integer, {0, 1}

aiy Annual CO, capture amount at source node i during time interval ¢ Continuous, R
bj Annual CO, storage amount at reservoir node j during time interval ¢ Continuous, R
Pket | Annual CO, transport flow rate in pipeline segment k with trend ¢ during time interval ¢ | Continuous, R
qco, | Annual target CO, captured for this CCS project Continuous, R

Table 1. Decision parameters in SimCCS*°.
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F;, Fj’, F].”' Fixed costs for opening source i, reservoir j, and each well at reservoir j

Vie Vit Variable costs for capturing CO, at source i and injecting CO, at each well at reservoir j at time interval ¢
S,R,K,C,I,T | Setof sources, reservoirs, pipeline arcs, pipeline capacity trends, network nodes, and time intervals
Q CO, capturing rate at source i

Q" The injection capacity of each well at reservoir j

Q]T Storage capacity of reservoir j

L; Time interval length of time interval ¢

Lyroject Total CCS project length

t Current time interval

Qe Q;{"‘é“ Maximum and minimum CO, transport capacities of pipeline segment k with trend ¢

Qe Cost of transporting one tonne of CO, using pipeline segment k with trend ¢

B Cost of constructing the pipeline segment k with trend ¢

Vit Status indicator of source i at time interval ¢

TB; Tax benefit for each sink during time interval ¢

t Index of time interval

Table 2. Basic input parameters for CCS pipeline modeling in SimCCS>°.

Q,’Zfi”yk,c,t = Pkt = Q;f?x)/k,c,p‘v’k eK,ceCteT )

Ants ifnes

Z ZPk,c,t - Z Zpk,c,t ={ —by, ifneR VnelVteT

keK =~ ceC keK = ceC 0, otherwise (3)
~~ ~~
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S ket <LVkeK teT "
ceC
aiy < QisiVie SVt e T )
bjy < Q}MWi,th eRVteT ©)
bie <QriVjeRVteT )
Zai,t > qco,,Vt € T ®
ieS
. r .
Z bj:L <Qj,VjeR o
teT

Ezzk>c’t <1,VkeK (10)

ceC teT
t=t' r=t'
Zyk,c,t > sz,c,t = Ykitc (11)
t=0 t=0

Impact of the enhanced 45Q tax credits. To consider the enhanced 45Q tax credits in the CCS design
optimization problem, we define the tax credit is TB; for time interval ¢ with the unit of $/tCO,. At a given time
interval, this tax credit will be subtracted from the storing cost for each tonne of CO,. Therefore, the updated
objective function J " can be defined as:

J = > (Fissi,t + V,-S,tﬂi,t) + <Z DD Brcker + 2 DL D Olk,cPk,c,t)

ieSteT keK ceCteT keK ceCteT (12)
+ Z > <Ff Tie + F]ij,t + (Vﬁ - TB,) bj),)
jERteT
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By using this formulation, users can incorporate different scenarios of tax credits into their analysis and
evaluations. For the optimization problem presented in this paper, Eq. (12) serves as the objective function. It is
worth noting that in our current formulation, the tax credit is fixed for all sinks at a given time. Therefore, the
number of tax credit values is the same as the total number of intervals. It is worth exploring the incorporation
of spatial and temporal variability of tax credits to model more complex scenarios of the enhanced 45 tax credits
in SimCCS*?, which is currently under development.

Dynamic evolution of CO, point source status. To model dynamic evolution of CO, point source
open/closed status into the optimization problem, it is required to define the CO, point source status indica-
tor y; for source i at time interval ¢. The value of y; can only be chosen from 1, 0, and — 1. A value of 1 in y;;
indicates that source i is open for CO, capturing, and a value of 0 indicates that the source is closed (no CO,
capture). To increase model flexibility and robustness, we also can assign —1 to y;, which indicates that the
status is unknown. Therefore, the optimization algorithm can determine the final open/closed status of source i
at interval ¢. To incorporate this parameter into this MIP problem, an additional constraint defined in Eq. (13)
is added to the constraint list.

Lify, =1,
Sip = {0, ifyir =0, VteT (13)
Oor1,ify;; =0,

As shown in Eq. (13) and Table 1, s;; is a decision variable and it represents the status of the source node i dur-
ing time interval ¢, which needs to be determined by an optimizer. On the other hand, y; is prior information of
the status of the source node i during time interval ¢. Users need to provide the values of y; as input parameters.
Otherwise, SimCCS*? will assign the default value of — 1 to y;;, which results in an automatic determination
of source status during the optimization process. For this scenario, s;; can be either 0 or 1 depending on the
final optimization solution. The functionality of this constraint is to enforce the open/closed status of source i
during time interval ¢ is the same as the predefined status in the input data. By using this constraint, the overall
optimization process is simplified because the decision variables are known except the scenario when y;;=—1 -
Note that a CO, point source may have different values for y during the entire project life to mimic the dynamic
feature CCS technology deployment. For example, y;; can be set as 1, 1, 0, — 1, and 1 for a CO, point source
during the five intervals. By using Eqs. (2)-(13), a CCS project design problem can be defined. The next step is
to generate an input file for the optimization run. Here we use the Mathematical Programming System (MPS)
format to process and store the objective function, decision parameters, constraints, and upper/lower bounds
for decision variables. Once the MPS file is ready, it is subjected to an optimizer for searching for optimum solu-
tions. In this work, we perform the optimization run using IBM ILOG CPLEX Optimizer software?, which can
be run parallelly using multiple CPU cores and threads. The elapsed CPU time for a given optimization run may
depend on the nature of a problem, the number of decision variables and constraints, the number of CPU cores
used, etc. Some simple problems may only require several seconds to get the final solution. However, it may take
up to several days to get solutions for larger or challenging problems. Figure 2 displays the new panel for Time
mode in SimCCS*’ to model phase-based CCS infrastructure design.

B SimCCS
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Generate MPS File
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Figure 2. Time mode in the Model panel for SimCCS*°.
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Once the optimum solution is obtained by running the CPLEX, the result visualization module of SimCCS*?
can be used to examine the final solution in terms of costs and pipeline routes, diameters, and total lengths.
Consider that the paper focuses on the dynamic modeling of CCS infrastructure, therefore, the evolution of
costs and pipeline routes and lengths can be provided. The final costs include CO, capturing and storing costs,
tax benefits, pipeline construction costs, and CO, transport costs. SimCCS*? is a multi-platform tool as it can
be run on Windows, Linux, and macOS.

It should be noted that the number of time intervals and the length of each time interval are the important
input parameters for the developed phase-based CCS modeling capability. The current modeling capability has
great flexibility in choosing the number of intervals and the length for each interval. Users can select the proper
number of intervals based on their project requirements.

Case studies

In this section, we present two case studies to demonstrate the newly developed phase-based modeling feature
in SimCCS$*? including a relatively small case focused on Wyoming and a regional case study focused on the
I-WEST region. Note that the information presented in two case studies may not necessarily reflect true data
because these case studies are hypothetical and are designed to demonstrate the modeling capabilities of Sim-
CCS*Y. We used an HP laptop with an Intel® Core® i7-1185G7 CPU @ 3.00 GHz and 32 GB RAM to perform all
the optimization runs.

Wyoming case. The case focuses on a small-scale CCS deployment project in Wyoming state, and it involves
four CO, point sources and three CO, geologic storage sites. The locations of sources and sinks are presented in
Fig. 3. The CO, capture or emission amount for the four sources varies from the minimum value of 2.6 Mt/year
in S2 (lower right corner) to the maximum value of 6.5 Mt/year in S3. The CO, storage capacity for each sink is
assumed to be 150 Mt.

We fix the CO, capture cost as $56/tCO, for all four sources and set the storage cost as $5/tCO,. A total of six
case runs are performed to account for various scenarios. The detailed input data are presented in Table 3. The
overall project is for 20 years for all the six cases, among which, the project life of Cases 1 to 3 is divided into two
time intervals to investigate the impacts of the enhanced 45Q tax credits, Cases 4 to 6 into four time periods to
demonstrate the dynamic evolution of CO, point sources status. The annual CO, capturing target for Cases 1 to
3 increased from 15 to 19 Mt/year for the two intervals. For Cases 4 to 6, we use different annual CO, capturing
targets to test the different scenarios of dynamic evolution of source status.

S4 (5.728 Mtiyear)
K1 (150 Mt)

S1 (4.714 Mt/year)

S3 (6.5 Mt/year)

K2 (150 Mt)

K3 (150 Mt) S2 (2.6 Mt/year)

Figure 3. A map of CO, sources and sinks for the Wyoming case study. The blue circle indicates the location of
each sink while the size indicates the storage capacity in Mt CO,; the red circle denotes the location of each CO,
point source while the size indicates the capture amount in Mt/year.

45Q tax credits ($/ Capture targets (Mt/ Number of time
Storage cost ($/tCO,) | tCO,) year) intervals Time intervals (years)
Case 1 5 [50, 0] [15,19] 2 [8,12]
Case 2 5 [50, 50] [15,19] 2 [8,12]
Case 3 5 [100, 0] [15,19] 2 [8,12]
Case 4 5 [50, 50, 0, 0] [19.5,13.5, 16.5, 5.8] 4 [6,6,4, 4]
Case5 |5 (50, 50, 0, 0] [14.5,2.5, 10, 4.5] 4 (6,6, 4, 4]
Case 6 5 [50, 50, 0, 0] [13,6.6,12,6.8] 4 [6,6,4, 4]

Table 3. Input data for different scenarios for the case study.
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Enhancement in 45Q tax credits. As shown in Table 3, we specify the tax credit for the first interval as 50$/
tCO,” and 0$/tCO, for the second interval for Case 1. This model setup is corresponding to the 12-year of 45Q
tax credits for CO, storage®. Again, it is worth noting that this study was conducted before the new 45Q tax credit
information under Inflation Reduction ACT of 2022. Figure 4 presents the final optimized pipeline routes at the
end of two stages for Cases 1-3. Note that the final optimized CO, transport pipeline networks for Cases 1-3
are the same in this study. Clearly, all the four CO, point sources and three sinks are used in this case. During
the first interval of 12 years, the CO, capture amounts for the four sources are 0.172, 2.6, 6.5, and 5.728 Mt/year
from S1, S2, S3, and S4. When compared with CO, capture capacities in Fig. 3, the full capacities of S2, S3, and S4
have to be used to meet the predefined capture goal of 15 Mt/year. Only a small portion of CO, capture capacity
is used in S1 (0.172 versus 4.714 Mt/year). During the second time interval, because the defined capture target
reaches 19 Mt/year, all the CO, sources with 100% capture capacity are required. Regarding the sinks, K1 stores
70.8 and 79.2 Mt/CO, during the two time intervals, which corresponds to its maximum storage capacity. All
the CO, captured at S1 and S4 is stored at this site. On the other hand, K2 and K3 only store 130 and 52 Mt CO,,
respectively. This observation illustrates that it is more cost-effective to use K1 as a storage site for this project.

There are 8 pipeline segments with three different pipeline sizes including 12-, 16-, and 20-inch are built
to transport the captured CO, to the sinks. Due to the small amount of CO, captured and transported within
the pipelines for this case study, larger pipeline sizes, e.g., 42-inch, are not required. The pipeline routes stay
the same for two stages. A careful examination of Fig. 4 reveals that the pipeline sizes increase from 16-inch to
20-inch from S1 to K1. This can be attributed to the increased CO, amounts from S1 to S4 and S4 to K1. A larger
pipeline size is required to transport captured CO, from both S1 and S4. Table 4 presents a summary of this case
study. A total of 722.39 km of pipelines is needed for this project. In terms of the costs, the total cost for pipeline
construction is about $631.24 million and this capital cost is only needed during the first-time interval because
no new pipeline construction occurred during the second phase.

The tax credit result for this case is also presented in Table 4. During the first interval, the annual tax credit
received is $750 million. This tax benefit would encourage operators to store more CO,. On the contrary, the
operators will not receive any tax benefit during the second stage, which results in about $95 million for net
CO, storage cost (the difference between storage cost and 45Q tax credits) per year for the following 8 years.

Cases 2 and 3 are two variants of Case 1 to test different scenarios of 45Q tax credits. Case 2 differs from
Case 1 only in terms of the 45Q tax credit for the second phase. Specifically, we also provide a $50 tax credit for
the remaining 8 years of the CCS project. Case 3 differs from Case 1 by increasing the 45Q tax credit from $50
to $100 per tonne of CO, for the first stage. Because all other input parameters are the same as in Case 1, it is

S4 S4
K1 S K1 S
20 20
& &
S1 S1
S3 S3
KVE’/ KQ./,;G/'/
S2 S2
K3 12 K§ 2 "

(a) — at the end of 12 years (b) — at the end of 20 years

Figure 4. Final optimized CO, pipeline network for Cases 1-3. Blue dots represent sinks, red dots represent
CO, point sources, and green curves indicate the optimized pipeline routes (the number and thickness denote
the pipeline diameter).

Total pipeline construction

Cases Intervals | cost (million $) Total pipeline length (km) | Annual capture cost ($/tCO,) | Annual storage cost ($/tCO,) | Annual tax credit ($/tCO,)

T1 631.24 722.39 56 5 50
Case 1

T2 0 0 56 5 0

T1 631.24 722.39 56 5 50
Case 2

T2 0 0 56 5 50

T1 631.24 722.39 56 5 100
Case 3

T2 0 0 56 5 0

Table 4. Summary of the final optimization solutions for Cases 1-3.
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anticipated that the final optimization solutions from Cases 2-3 are the same as Case 1, which is demonstrated by
the final pipeline routes in two stages presented in Fig. 4. This observation illustrates that the final pipeline routes
depend on not only factors related to CO, storage, but also other factors related to CO, capture and transport.

The results presented in Table 4 and Fig. 4 provide a comprehensive economic analysis of CCS projects. For
example, using 50 $/tCO, of tax credit for the second phase in Case 2, suggest that the operators can obtain
about $750 million tax credit for 12 years during the first interval and about $950 million tax credit per year for
the remaining 8 years. In terms of Case 3, the operators can receive double tax benefits as that in Case 1 during
the first stage project. Specifically, the annual tax benefit is $1.5 billion for 12 years, which corresponds to $18
billion for the entire project. This is a large amount of tax credit though there is no 45Q tax credit during the
second phase of this project.

As shown in the Egs. (1) and (12), the objective function consists of three cost components, including CO,
capture cost, transport cost, and storage cost. For this case study, the CO, capture and storage cost are assumed
to be 56$/tCO2 and 5$/tCO,, respectively. As expected, these values are the same as the model inputs presented
in Table 3. The CO, transport cost is about 1.15 and 0.7 $/tCO, during this first and second phase, respectively. It
is apparent that the cost for CO, capture is the major cost for a CCS project followed by the costs for CO, storage
and transport based on this case study.

Dynamic evolution of point source open/closed status. Here, we use Cases 4-6 to test the consideration of
dynamic evolution of CO, point source status. The total annual CO, capture target is also presented in Table 3.
For example, for Case 5, the annual CO, capture target is 19.5, 13.5, 16.5, and 5.8 Mt/year for each four intervals,
which are different than that in Cases 1-3. Table 5 presents the open/closed status indicator for each source at
each time interval. Because these values are input parameters for the dynamic model in SimCCS>?, therefore we
have to assume that they are known as prior information. Those values represent in Table 5 provide some impor-
tant insights into practical deployments of CCS projects.

For all three cases, the final solutions provide an annual capture cost and annual storage cost of 56 and 5 $/
tCO, for the four phases. In terms of 45Q tax credits, the operators will receive 50 and 0 $/tCO, for the first
12 years and the remaining 8 years, respectively. Figure 5 displays the evolution of pipeline routes and CO, cap-
ture and storage data during four stages for Case 4. Similar to Cases 1 to 3, three types of pipeline diameters are
used in this case. One interesting observation from Fig. 5 is that all the pipelines are built and used during the
first interval and no new construction occurred in the following years. The reason is that during the first 6-year
period (T1), the capture target is 19.5 Mt/year, which is the largest capture amount among all the four phases.
Therefore, we must build enough pipelines to transport 19.5 Mt CO, annually. The built pipeline network during
T1 is sufficient to transport CO, for the following phases (T2-T4). Clearly, we can observe some built pipelines
are not used during the ensuing phases. For example, during the third and last interval, the 12-inch pipeline that
connects S2 and S3 is not utilized because there is no CO, captured from S2.

Finally, this project requires a total of 691.88 km of pipelines, which is about 95.6% of those in previous cases,
and the corresponding construction cost is about $641.83 million (see Table 6). The reason for the reduced pipe-
line length is that the 12-inch pipeline connecting S2 and K3 used previously is not constructed here. However,
we can observe a slight increase in construction costs from $631.24 million to $641.83 million when compared
to Cases 1-3. That is because a 20-inch pipeline (more expensive) to connect S3 and K2 is built as in Fig. 5.
Remember that in previous cases, a 16-inch pipeline is sufficient to meet the transport target between these two
locations (Fig. 4). In terms of storage sites, K3 is not utilized here. One possible reason for this observation is
that the annual CO, capture target is much smaller in this case, which results in less amount of CO, required
for storage than that in the previous cases (287.2 Mt versus 332 Mt). Thus, to save overall project cost K3 is not
operated for CO, storage. By the end of project life, the capacity of K2 (150 Mt) is fully utilized while 137.2 Mt
of CO, is stored in K1, which takes about 91.5% of its capacity.

Case Source |T1(6) | T2(6) | T3(4) |T4(4)
S1 1 1 1 1
S2 1 1 0 0
Case 4
S3 1 1 1 -1
S4 1 0 1 0
S1 0 0 1 1
S2 1 1 0 0
Case 5
S3 1 0 0 0
S4 1 0 1 0
S1 0 0 1 1
S2 1 1 1 0
Case 6
S3 1 0 0 0
S4 -1 -1 -1 -1

Table 5. Input data for different scenarios of evolution of CO, point sources (1 indicates open, 0 indicates
closed, and - 1 indicates unknown status).
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Figure 5. Final optimized CO, pipeline network for Case 4. Blue dots represent sinks, red dots represent CO,
point sources, and green curves indicate the optimized pipeline routes (the number and thickness denote the
pipeline diameter).

Cases Intervals | Total pipeline construction cost (million $) | Total pipeline length (km)
T1 641.83 691.88
T2 0 0
Case 4
T3 0 0
T4 0 0
T1 557.15 600.83
T2 0 0
Cases 5-6
T3 84.68 91.05
T4 0 0

Table 6. Summary of the final optimization solutions for Cases 4-6.

Figure 5 also reveals important information regarding the open/closed status of each source of the final solu-
tion. During T1, all the sources are capturing CO, to meet the capture target of 19.5 Mt/year. This result confirms
the prescribed source status defined in Table 5 for T1. We can see that all four sources are in open statuses (“1”
in Table 5). During T2 and T3, we open all the sources except S4 and S2, respectively. As expected, the opti-
mum solution only uses S1-S3 for T2 and S1, S3, and $4 for T3 for CO, capture, respectively. The last interval
is slightly different as we are not sure whether to open or close S3 (“~1” in the table). The only information we
know about the project is that S1 must be open while S2 and S4 must be closed. To meet the capture target of 5.8
Mt/year, both S1 and S3 are required to open for capture according to the optimized solution. That is because
S1 is only capable of capturing a maximum of 4.714 Mt/year (Fig. 3), which is less than the target. Therefore,
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the optimizer will automatically open S3 to capture a certain amount of CO, to meet this prescribed capturing
target. The results of Case 4 demonstrate the feasibility and effectiveness of the developed dynamic modeling
for CO, point source status evolution.

To include more practical scenarios, another two case studies, i.e., Case 5 and Case 6 are designed and tested.
In Case 5, for example, S1 is not capturing CO, until T3. This is a realistic scenario for the new construction of
CO, capture facilities. Though the CCS project is deployed much earlier, some capturing facilities are only avail-
able after a certain time. S2 starts capturing CO, from year 1 to year 12. Similarly, S3 only operates during T1
for a total number of 6 years. These settings indicate that S2 and S3 may be coal power plants as there is a trend
that coal power plants are phased out gradually. For Case 6, S1 may represent a new facility starting operation
during T3. S2 and S3 may be coal power plants and will be shut down after 16 and 6 years, respectively. Once
again, S4 works as a backup source to meet defined capture targets for four intervals.

The evolutions of pipeline routes for Case 5 and Case 6 are displayed in Fig. 6 and Fig. 7, respectively.
Although there are differences in the pipeline routes between the two cases from interval to interval, a clear
examination of those two plots suggests that the final contracted pipelines are identical in terms of locations,
diameters, and lengths. This is also confirmed by the pipeline construction information presented in Table 6.
The differences in pipeline layout during a certain interval are due to the disparity in annual CO, capture targets
and open/closed statuses of sources. During T2, for example, only S2 is operating and capturing 2.5 Mt CO,
per year in Case 5. However, during the same period, S2 and S4 are open to capture CO, and the total annual
amount is 6.6 Mt in Case 6. Therefore, to transport the captured CO, at S4, we must operate the 16-inch pipeline
that connects S4 and K1. For both cases, the operators are required to build 600.83 km pipelines with diameters
of 12- and 20-inch during the first 6 years. This new construction requires about $557.15 million. The next new
construction occurs during T3 for a 16-inch pipeline connecting S1 and S4. The length and construction cost
for this pipeline is 91.05 km and $84.68 million, respectively.

In both cases, CO, is injected into two storage sites including K1 and K2. The cumulative CO, stored at K1
and K2 is 92.37 Mt and 67.63 Mt for Case 5 and 137.7 Mt and 55.1 Mt for Case 6. Apparently, neither of the two

S4 S4
wa K1,
St 1
S3 S3
K2 —2 kg 20
12 12
S2 S2
K3, <%
(a) — at the end of 6 years (b) — at the end of 12 years
S4 S4
K1 K1
\ S1 \ S1
3 s3
K3, “%
S2 S2
K3, K3
(c) — at the end of 16 years (d) — at the end of 20 years

Figure 6. Final optimized CO, pipeline network for Case 5. Blue dots represent sinks, red dots represent CO,
point sources, and green curves indicate the optimized pipeline routes (the number and thickness denote the
pipeline diameter).
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Figure 7. Final optimized CO, pipeline network for Case 6. Blue dots represent sinks, red dots represent CO,
point sources, and green curves indicate the optimized pipeline routes (the number and thickness denote the
pipeline diameter).

storage sites is fullly used here. Regarding the dynamic evolution of source open/closed statuses, the optimized
solutions for both cases honor all the prescribed status values in Table 5, which demonstrates the robustness of
this model capability. For example, in Case 6, we know that S1 and S2 are open, S3 is closed, and S4 is under an
unknown status during T3 as in Table 5. The optimum solution shows that S1, S2, and S4 are capturing about
4.714, 1.558, and 5.728 Mt/ year. It is evident that S3 is not used here and S1 and S2 are opened. To meet the
capture target of 12 Mt/year, S4 is also utilized here because the total capacity of S1 and S2 is below the target
(10.442 Mt/year versus 12 Mt/year).

I-WEST case. Here we design the CCS infrastructures in the I-WEST region, which contains six states, i.e.,
Arizona, Colorado, New Mexico, Montana, Utah, and Wyoming. In this case study, the number of storage sinks
is 22 and the number of CO, sources is 46*. The locations of those sources and sinks are presented in Fig. 8.
Though there is at least one CO, source in each state of the I-WEST region, Wyoming has the maximum number
of sources, which is followed by Arizona. Only one CO, source, i.e., $43, with a CO, capturing capacity of over
12.751 Mt/year is located in Montana, which is the highest CO, capture amount among all the 46 sources. The
source with the lowest CO, capture amount is S14 in Texas. The average capturing capacity for 46 sources is 3.5
Mt/year. Figure 9 shows the distribution of annual CO, capture amounts for this case study. It is easy to notice
that 32 of the 46 sources capture below 3.76 Mt/year CO,. The number of sources declines as the capture amount
increases, which is probably due to the actual difficulties in building large CO, capture facilities. Unlike in the
first case study where the capture cost for each source is fixed, we use different values including 14, 53, 56, and
75 $/tCO,. Specifically, the costs of three sources are set as 14 $/tCO,, two sources as 53 $/tCO,, 26 sources as 56
$/tCO,, and the remaining 15 sources as 75 $/tCO,. This setup would mimic the actual varying CO, cost from
different types of facilities.

In terms of sinks, the locations of 22 sinks are also not uniformly distributed across the I-WEST region.
It is easy to notice that no CO, storage site is constructed in Arizona despite a large number of CO, sources.
Therefore, it is anticipated that CO, captured in Arizona will be transported to other states, e.g., New Mexico, or
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Figure 9. Distribution of annual CO, capture amounts for 44 sources for the I-West case study.

Utah. The storage capacities are also presented in Fig. 8. The maximum, minimum, and average storage capacities
are 50.194, 0.11, and 9.14 GT, respectively. In this case, the storage cost for all the 22 sites is fixed as 5 $/tCO,.
Again, this CCS project in the I-WEST region case study will last 20 years. To demonstrate the newly devel-
oped dynamic features in the SimCC?? tool, we divided the 20-year projects into three-time intervals, including
T1, T2, and T3 for 6, 6, and 8 years, respectively. To be consistent with Section 45Q of the U.S.%, the tax credits
for storing CO, are set as 50, 50, and 0 $/tCO, for three intervals. The evolution of open/closed status input data

Scientific Reports | (2023) 13:6527 | https://doi.org/10.1038/s41598-023-33512-5 nature portfolio



www.nature.com/scientificreports/

of all sources is provided in Table 7. In this case, we assume the majority of sources are open, for example, S1 to
S8 and S40 to S46. Only several sources including S9, S14, S17, S19, S20, $28, S33, and S39 have more than one
status, such as closed, unknown, or both. In this case, the annual capture targets are 110, 125, and 140 Mt/year
for three intervals. The increased CO, capture amount is to mimic the trends of the decarbonization process.

The optimized pipeline routes are presented in Fig. 10. Apparently, from the evolution of pipeline networks,
we see that as the CCS project continues, more pipelines are constructed to transport CO,. During T1, several
major pipelines are built, including, e.g., the 20-inch pipeline connecting K12 and S32 and the 24-pipeline con-
necting K17 and S34. Next, we must build additional pipelines during T2, including, e.g., the 12-inch pipeline
connecting $39 and S32. Finally, during the last interval, several pipelines are constructed to connect most of the
point sources, e.g., those sources within the southwest part of the I-WEST region. The dynamic behavior of the
pipeline infrastructure is also confirmed in Table 8. This table indicates the evolution of pipeline constructions
over time. The initial pipeline construction is 2049.80 km during the first 6 years (T1), which is followed by an
additional 891.18 km during the second interval. Finally, we have to build about 732.64 km of new pipelines to
accommodate CO, transportation during T3. Therefore, the total pipeline length of this project is 3673.65 km
with a total cost of $4.03 billion.

Figure 11 presents the diameters of newly constructed pipelines together with the corresponding lengths over
the project life. Unlike the previous case study, where only three types of pipelines are used, here, pipelines of
seven diameters are utilized. For example, a segment of a 10.03 km 30-inch pipeline (0.273% of the total pipeline
length) is constructed between S45 and K14 in northern New Mexico during the first interval. Note that the
30-inch pipeline can transport a maximum of 35.13 Mt CO, per year. Figure 11 also reveals that the 20-inch
pipeline is mostly used, and it takes about 38.886% of the total pipeline length, which is followed by the 16-inch
pipeline for about 547.51 km (about 14.904% of the total pipeline length). Another interesting observation is
that we need to build around 232.08 km 4-inch pipeline to connect S41 to the S36 in this case. Although the
maximum capacity of a 4-inch pipeline is only about 0.19 Mt/year, it is sufficient to transport the captured 0.175
Mt CO, at $4 per year.

Although 22 sinks are available for CO, storage, only 16 sinks are used in this case study. Among those used
sinks, there are large disparities in cumulative CO, stored. Specifically, K14 stores the maximum amount of CO,
for 536.21 Mt for 20 years, followed by K5 and K21 for 306.4 and 273.91 Mt CO,, respectively. On the other hand,
K9 in Colorado stores the smallest amount of CO, for only 12.97 Mt. Table 8 displays the annual storage cost is
$5 per tonne of CO, for 20 years. However, the tax credit is $50 per tonne of CO, during the first 12 years and
zero for the last interval. The actual tax benefit received during the first and second intervals reaches $70.5 billion.

Dynamic evolution of Dynamic evolution of
CO, point source statue CO, point source status
Source T1(6) | T2(6) | T3(8) | Source |T1(6) | T2(6) | T3(8)
S1 1 1 1 S24 1 1 1
S2 1 1 1 S25 1 1 1
S3 1 1 1 S26 1 1 1
S4 1 1 1 S27 1 1 1
S5 1 1 1 S28 -1 -1 0
S6 1 1 1 S29 1 1 1
S7 1 1 1 S30 1 1 1
S8 1 1 1 S31 1 1 1
S9 0 1 1 $32 1 1 1
S10 1 1 1 S33 1 -1 1
S11 1 1 1 S34 1 1 1
S12 1 1 1 S35 1 1 1
S13 1 1 1 S36 1 1 1
S14 0 0 1 S37 1 1 1
S15 1 1 1 S38 1 1 1
S16 1 1 1 S39 -1 1 1
S17 1 0 1 $40 1 1 1
S18 1 1 0 S41 1 1 1
S19 1 0 0 S42 1 1 1
S20 1 0 1 543 1 1 1
S21 1 1 1 S44 1 1 1
S22 1 1 1 S45 1 1 1
S23 1 1 1 S46 1 1 1

Table 7. Input data for different scenarios of evolution of CO, point sources for the I-WEST case study (1
indicates open, 0 indicates closed, and — 1 indicates unknown status).
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Figure 10. Evolution of pipeline construction for the I-West case: (a) at the end of year 6; (b) at the end of year
12 and (c) at the end of year 20. The green curve denotes the optimized pipeline route, and the thickness of

the curve and the number on the curves represent the pipeline sizes (diameter); the red dots represent source
location, while the blue dot indicates sink location.

Total pipeline construction cost
Intervals | (billion $) Total pipeline length (km) | Annual capture cost ($/tCO,) | Annual storage cost ($/tCO,) | Annual tax credit ($/tCO,)
T1 2.65 2049.83 54.66 5 50
T2 0.76 891.18 54.88 5 50
T3 0.62 732.64 57.33 5 0

Table 8. Summary of final optimization solution for the I-WEST case study.

The optimum solution shows that 25 sources are operating to capture 110 Mt CO, per year during the first
interval and the corresponding capturing cost of $54.66 per tonne. Five more sources are used during the second
interval to meet the capture target of 125 Mt/year and a comparable capture cost of $54.88 per tonne is sug-
gested. Finally, a total of 43 sources are open to capturing 140 Mt/year with a slightly higher capturing cost of
$57.33 per tonne CO,. This observation suggests that to meet a higher capture target, more sources are required
for capturing CO,.

‘We now examine the open/closed statuses of CO, point sources in Fig. 10. It is evident that S14 is closed until
the beginning of T3, which is consistent with the input setting in Table 7. Similar evolution behavior can also be
observed for S9, which is closed during T1. These sources can be treated as newly built facilities and often start
operating at later stages. A typical coal power plant can be represented as S19, which is operating during T1 and
its CO, capturing amount is 7.37 Mt/year. After operating for 6 years, S19 is shut down for the following years
of the CCS project. Therefore, there is no CO, is captured from this source, which again agrees with our initial
setting in Table 7. It is worth noting that some sources may still not capture CO, despite their “open” statuses.
For example, as indicated in Fig. 10, S41 only captures CO, during T3. However, its source status is “1” for all the
intervals in Table 7. This behavior can be easily explained though it looks abnormal. Each source is controlled
by both the open/closed status (s;) and the actual capturing amount (a;;). Despite it is in open status defined
in the input table and as also determined by the optimizer, S41 does not need to capture any amount of CO,
because of the small CO, capture targets for the overall project for T1 and T2.
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Figure 11. Lengths and diameters of the constructed pipeline for three intervals from the optimized solution
for the I-WEST case study.

Conclusion

In this study, we developed and presented a new phase-based modeling capability in the latest SimCCS*? tool.
Rather than only using a one interval, the entire CCS project life can be divided into multiple periods, which
enables users to dynamically model different practical operation scenarios for CCS project deployments. By using
the developed dynamic models, we added two novel features in SimCCS>? software, including the considerations
of the enhancement of 45Q tax credits and dynamic evolutions of source status. These two new capabilities are
not only capable of providing the optimized CO, capture, transportation, and storage infrastructure but also
giving users freedom to model different practical CCS operational scenarios.

Our results using the Wyoming and the I-WEST case studies indicate that the consideration of 45Q tax credits
may not directly impact the final pipeline routes, lengths, and sizes. But it would affect the financial benefits or
cost savings for CO, storage. Apparently, a higher 45Q tax credit results in a higher benefit received by the opera-
tors. Given the fact that the 45Q tax credits are available for up to 12 years, the operators can benefit significantly
from the earlier phases of CCS operations. The dynamic evolution of CO, point source statuses provides users a
chance to incorporate their prior information of CO, capturing facilities into the optimization process. The new
functionality facilitates the optimizer to exclude those sources from capturing CO, if they are closed during cer-
tain intervals and vice versa. Thus, users can model more complex scenarios of dynamic statuses for CO, captures.

Despite these promising results from dynamic models, there is abundant room for further development
and applications of the SimCCS> tool. First, the consideration of environmental and justice restrictions in CCS
infrastructure design should be explored to reduce the environmental burdens on disadvantaged communities.
Second, it would be beneficial to utilize some existing CO, pipelines and/or rights-of-way for CO, transportation
infrastructure design, which would significantly save the overall cost of the CO, project deployment. Finally, the
extension of this design tool for blue hydrogen operations is also worth exploring in the future.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon
reasonable request.
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