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Abstract—With heightened focus on ensuring reliable and cost-
effective grid operations during the integration of large electric
loads, such as data centers, and inverter-based resources, it is
crucial that capacity expansion planning (CEP) models include
comprehensive transmission planning. High Voltage Direct Cur-
rent (DC) transmission has advantages in reliability, controllabil-
ity, and cost, but understanding the optimal location and sizing
of these transmission investments remains a key challenge. This
paper presents a novel CEP model that explicitly integrates multi-
terminal DC (MTDC) transmission in long-term system planning.
To capture the operational constraints and trade-offs between
transmission technologies, (i.e., MTDC, point-to-point DC, AC)
the model includes power flow physics on AC and DC networks,
incorporates converter station investments, and enables dynamic
selection of network configurations, including meshed and radial
layouts. The model is applied to the Western Interconnection
using a 43-zone system in a baseline scenario and with higher load
growth from data centers. Results indicate, MTDC transmission
can reduce total investment and operational costs by 4% and
lower converter capacity needs through optimized network design
and more efficient coordination of generation resources.

Index Terms—capacity expansion planning, multi-terminal
high voltage DC transmission.

I. INTRODUCTION AND LITERATURE REVIEW

Multi-Terminal High Voltage Direct Current (MTDC) trans-
mission is increasingly being considered by transmission plan-
ners as an alternative to both point-to-point High Voltage
Direct Current (DC) and conventional High Voltage Alternat-
ing Current (AC). This trend reflects inherent advantages of
MTDC in certain grid applications [1]–[3]. Compared to point-
to-point DC lines, a radial MTDC needs fewer converters
for the same locations of exchange with the AC grid, thus
reducing capital costs. Also, its modular architecture enables
staged transmission expansion, which is harder with point-to-
point. Meshed MTDC systems, having parallel transmission
paths, have the further advantage of improved reliability under
failure due to alternate current paths, and they need even fewer
converter stations. DC in general has significant advantages
over AC for long-distance transmission, including lower capi-
tal cost, reduced losses, enhanced controllability of power flow,
and reactive power support [4]. And DC and MTDC are seen
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as critical technologies for bolstering the transmission grid to
meet the rapidly increasing power needs of data centers [5].

Realizing the advantages of MTDC systems over con-
ventional transmission technologies requires accurate repre-
sentation of MTDC in capacity expansion planning (CEP)
models. CEP models determine cost-effective strategies for
transmission and generation siting and sizing to meet long-
term electricity demand. To capture the full value and limita-
tions of MTDC, CEP models must enable the dynamic design
of MTDC networks by independent selection and sizing of DC
links and converters, and must include the physics of power
flow in meshed AC and DC networks linked by converters.

Recent work in CEP modeling with both AC and DC sys-
tems falls into two categories, the first using on linear program-
ming (LP) and mixed-integer (linear) programming (MIP),
and the second using more complex methods like quadratic
programming (QP) or nonlinear programming (NLP). MIP and
especially LP solvers scale better on large systems, but QP and
NLP models can represent system behavior more accurately.
LP/MIP formulations for coordinated AC/DC planning are
used in [6]–[10]. In [6], a hybrid AC/DC CEP model includes
construction of new lines and conversion of existing AC
lines to DC. In [7], a stochastic AC/DC CEP is solved with
Benders decomposition, with subproblems for outages. In [8],
hybrid AC/DC CEP formulations are extended by incorporat-
ing alternative control strategies for voltage source converters
(VSCs). In [9], the AC/DC CEP is enhanced by a piecewise-
linear loss model. [10] examines the effects of high-renewable-
penetration scenarios on the scale and balance of AC and DC
transmission investments. In [11], a QP AC/DC CEP captures
voltage and reactive power with converter transformers, filters,
and phase reactors. In [12], an NLP AC/DC CEP examines
trade-offs between AC and DC for offshore wind integration,
accounting for remedial action schemes.

Recent high profile CEP studies and packages, e.g., [13],
[14], [15], [16], have considered investment in DC transmis-
sion capacity in fixed configurations, in fixed proportion with
converter capacity, or have allowed independent sizing and
selection of DC links and converters without accounting for the
physics of power flow in the resulting synchronous networks
of new and existing AC and DC lines.

This work fills this gap by presenting a novel, high-fidelity
MIP formulation that explicitly represents point-to-point DC,
AC, and radial and meshed MTDC networks in a CEP
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framework. The model enables the dynamic design of the
network configuration and accounts for the physics of power
flow. Thus, the proposed CEP model competes MTDC against
DC and AC investments more accurately than prior works.

The model is formulated in Section II. In section III,
we apply the model to the U.S. Western Interconnection to
quantify the long-term investment value of MTDC in a realistic
large-scale system. The analysis explores alternative future
scenarios, with and without additional load growth from large
electric loads (LELs) such as data centers, thus addressing
timely policy questions on transmission system development.

II. MTDC CEP MODEL FORMULATION

This section formulates the CEP optimization model, in-
cluding new features for planning a mixed network of AC and
DC lines and AC-DC converters in point-to-point and multi-
terminal configurations. Other CEP features, e.g., storage and
policy constraints, are modeled in the simulations but not
described here as this work focuses on transmission modeling.
Further details of the model formulation are in [17], [18].

Building on an established CEP formulation [17], [18], we
add DC candidate lines and AC-DC converters to the existing
and candidate AC network and add decoupled power flow
(DCPF) constraints to represent the physics of power flow.
These additions to the basic CEP are the main novel feature
of our model. Candidate transmission projects are modeled as
zone-to-zone links, enabling joint optimization of AC, point-
to-point DC, and MTDC capacity and configuration. This
approach allows the optimization solver to determine network
topology by link selection and to economize on converter
sizing for the topology, resulting in an optimal MTDC design.

Without the power flow laws, the model reduces to a
transport flow formulation that considers only transmission
capacities and investment costs, as used in many prior CEP
studies. In transport flow, the multiple synchronous AC and
DC networks connected by converters act as a single net-
work. This can bias investment decisions toward options with
low capital cost per unit of capacity, without accounting
for congestion and network physics. Incorporating DCPF
enforces physical power flow limits in meshed AC and MTDC
networks, avoiding this bias and producing more realistic
transmission and converter investments.

Adding DCPF improves physical accuracy but adds compu-
tational complexity. As first formulated, DCPF uses quadratic
expressions that are hard for practical optimization solvers to
handle at large scale. To address this, we restrict investment
variables to binary values, enabling a linear reformulation of
the DCPF. Binary investment is used in this work to capture
the physics of DC and AC transmission, but it also is a natural
way of modeling detailed project selection, as in [19].

A. Basic CEP Model

The basic CEP model is an LP that determines the optimal
level and timing of investment in grid infrastructure (gener-
ation and transmission) as well as the operation of new and

existing assets to serve load, minimizing total investment and
operating costs.

We consider power grid geography with zones n ∈ N (e.g.,
large spatial areas, or individual nodes of the grid), a time
horizon of investment periods y ∈ Y (e.g., years or decades),
operational time points t ∈ T (e.g., hours of selected days in
a year), and infrastructure projects i ∈ I including generation
projects Ign and transmission projects I tr.

Each project i is characterized by the capacity P cap
i of a

representative unit, the investment cost C inv
i , and the operating

cost Cgn
i for i ∈ Ign. Investment decisions are modeled by

continuous variables uinv
iy for the number of units of project i

built and uop
iy for the number operating in period y. Operational

decisions use variables piyt for the power of project i in period
y at time t, i.e., generation for i ∈ Ign and flow for i ∈ I tr.

Projects are partitioned into existing projects Iex and can-
didate projects Icand. For i ∈ Icand, based on the lifetime,
capacity built in period y operates in periods in a set Y fwd

iy , so
uinv determines uop in (2). Candidate investment is bounded
by resource limits in (3, 4). Existing project capacities are
fixed in (5). Operational power is bounded by the operating
capacity P cap

i uop
iy in (6, 7), with availability (e.g., for variable

generation) F avail
iyt in (6). Project geography is an injection zone

ninj
i for i ∈ Ign, and from and to zones nfr

i and nto
i for i ∈ I tr.

Load is a fixed value P ld
nyt. Energy balance is enforced by (8),

where Ign
n = {i ∈ Ign : ninj

i = n}, I fr
n = {i ∈ I tr : nfr

i = n},
and I to

n = {i ∈ I tr : nto
i = n}. The objective is to minimize

the total of investment and operational costs in (1), where the
duration Dt converts hourly cost rates to costs.

min
∑

i∈Icand,y∈Y

C inv
i uinv

iy +
∑

i∈Ign,y∈Y,t∈T

DtC
gn
i piyt (1)

uop
iy =

∑
y′:y∈Y fwd

iy′
uinv
iy′ ,∀i ∈ Icand, y ∈ Y (2)

0 ≤ uinv
iy ≤ U inv,max

iy ,∀i ∈ Icand, y ∈ Y (3)

0 ≤ uop
iy ≤ U op,max

iy ,∀i ∈ Icand, y ∈ Y (4)

uop
iy = U ex,op

iy ,∀i ∈ Iex, y ∈ Y (5)

0 ≤ piyt ≤ F avail
iyt P cap

i uop
iy,∀i ∈ Ign, y ∈ Y, t ∈ T (6)

−P cap
i uop

iy ≤ piyt ≤ P cap
i uop

iy,∀i ∈ I tr, y ∈ Y, t ∈ T (7)∑
i∈Ign

n

piyt +
∑

i∈I to
n

piyt =
∑

i∈I fr
n

piyt + P ld
nyt,

∀n ∈ N, y ∈ Y, t ∈ T
(8)

B. Construction of AC/DC Candidate Transmission Network
Next we specify the candidate transmission projects as AC

or DC links or AC-DC converters, with DC zones, overlaid on
a network of existing AC projects in AC zones. For AC zone n,
create a DC zone ndc

n collocated with n, and a converter project
from n to ndc

n . For two AC zones linked by at least one existing
AC transmission project, create two candidate transmission
projects, one AC on the original two zones, and one DC
on the corresponding DC zones. This network construction
is illustrated in Fig. 1. Let N ac, N dc, Iac, Idc, and Icv denote
the AC and DC zones, the AC and DC transmission projects,
and the AC-DC converter projects. Then we have partitioned
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DC zone

Existing Candidate

AC Line

Converter

AC zone

DC Line

Fig. 1: Construction of network of zones and transmission
projects: AC and DC zones. Existing AC, candidate AC,
candidate DC, and candidate converter projects.

N and I tr as N = N ac∪N dc and I tr = Iac∪Idc∪Icv. And we
have nfr

i , n
to
i ∈ N ac for i ∈ Iac, and nfr

i , n
to
i ∈ N dc for i ∈ Idc,

while nfr
i ∈ N dc for i ∈ Icv, and nto

i ∈ N ac for i ∈ Icv.

C. Physics of Power Flow on AC and DC Links

In the basic CEP model, power flows piyt for i ∈ I tr are
subject only to transmission capacity limits, without physical
power flow laws. But in meshed AC and DC networks,
Kirchhoff’s laws determine the flows from nodal injections
and line impedances. To approximate these physical laws
tractably, CEP studies commonly adopt the DCPF formulation
[20] for existing lines. We apply DCPF for i ∈ Iac ∪ Idc,
given resistance Ri and reactance Xi of a representative unit
of project i. For i ∈ Iac, assuming Ri ≪ Xi, the operating
admittance is −uop

iy/Xi. Let θnyt be the variable voltage angle
in AC zone n at time t in period y. Then piyt for i ∈ Iac∩Icand

follows (9). For i ∈ Idc ∩ Icand, we use a similar DCPF model
in (10), assuming Xi ≪ Ri, with a voltage magnitude variable
vnyt on DC zones n. Voltage magnitude is bounded in (11).
For i ∈ Iac∩Iex, we replace uop

iy by fixed values U ex,op
iy in (12).

Converter flows are modeled as controllable, with no flow law.

Xipiyt = uop
iy(θnyt − θn′yt),

∀i ∈ Iac ∩ Icand, y ∈ Y, t ∈ T, n = nfr
i , n

′ = nto
i

(9)

Ripiyt = uiy(vnyt − vn′yt),

∀i ∈ Idc ∩ Icand, y ∈ Y, t ∈ T, n = nfr
i , n

′ = nto
i

(10)

V min
nyt ≤ vnyt ≤ V max

nyt ∀n ∈ N dc, y ∈ Y, t ∈ T (11)

Xipiyt = U op,ex
iy (θnyt − θn′yt),

∀i ∈ Iac ∩ Icand, y ∈ Y, t ∈ T, n = nfr
i , n

′ = nto
i

(12)

D. Disjunctive formulation with binary investment

The quadratic expressions uopθ and uopv in (9, 10) make the
model a nonconvex quadratically constrained program (QCP).
Nonconvex QCP solvers cannot guarantee global optimality or
scale poorly in large instances. Therefore, we reformulate (9,
10) using only linear expressions by adding binary restrictions.
The resulting disjunctive formulation is a MIP model, and
MIP solvers give global optimality guarantees and scale well
in practice. For this, we restrict uop

iy to binary values for
candidate AC and DC transmission projects in (13). Then
we set linear constraints (14, 15), where θdmax

nn′ and V dmax
nn′

are the predetermined maximum angle and voltage differences

AC Bus
DC Bus

Candidate 
Converter

Existing 
AC Line

Candidate 
DC Line

Fig. 2: Existing AC network with blow up of candidate DC
and converter projects added.

between zones n and n′. Given (13), (14) is equivalent to (9),
and (15) is equivalent to (10).

uop
iy ∈ {0, 1},∀i ∈ Icand ∩ (Iac ∪ Idc), y ∈ Y (13)

|Xipiyt − (θnyt − θn′yt)| ≤ θdmax
nn′ (1− uop

iy),

∀i ∈ Iac ∩ Icand, y ∈ Y, t ∈ T, n = nfr
i , n

′ = nto
i

(14)

|Ripiyt − (vnyt − vn′yt)| ≤ V dmax
nn′ (1− uop

iy),

∀i ∈ Idc ∩ Icand, y ∈ Y, t ∈ T, n = nfr
i , n

′ = nto
i

(15)

III. LARGE SCALE CASE STUDY

A. Simulation Setup

The proposed model is demonstrated using a system topol-
ogy based on the Western Electricity Coordinating Council
(WECC) 2030 Anchor Data Set (ADS) [21]. To reduce com-
putational complexity, generation and transmission are aggre-
gated to a 43-zone system [18]. AC candidate transmission is
modeled in parallel with every existing AC line. We extend the
topology of [18] by superimposing a candidate DC network
on the AC network (i.e., one DC candidate parallel to each
AC path), using the construction from section II-C. The DC
candidate network connects to the AC network via candidate
converters, each connecting an AC zone to its corresponding
DC zone. The AC network, with detail of the candidate DC and
converter projects, is shown in Fig. 2. We assume continuous
investment for converters, and binary investment for AC and
DC lines. DC line costs and capacities are taken from [22],
while AC line costs and capacities are derived from [23].

We consider two load scenarios, business-as-usual growth
(BAU), and high load growth due to the integration of large
electric loads like data centers (LEL). For BAU, we first
present results with only AC transmission investment (BAU-
AC), followed by results that include both AC and MTDC
investment (BAU-MTDC). We modeled one investment year
(2040) and 360 operating hours comprising 24 hours across
each 15 representative days.

Loads are based on multi-sector base-load projections [24].
For the LEL scenario, we supplement these projections with
a 15% annual data-center load growth assumption from [25].
These loads were downscaled to the county level using popu-
lation weighting and assigned an hourly profile by assuming a
flat 8,760-hour data-center load. The hourly county-level loads
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Fig. 3: BAU scenarios: Transmission and generation build.

were then aggregated to the 43 zones of our system model and
sampled at the selected operating time points.

B. Effect of AC vs. DC Transmission Investment

Investments in transmission and generation with and without
MTDC are shown in Fig. 3. When only AC transmission
expansion is allowed (Fig. 3a), the model builds a single
new line. By comparison, when MTDC candidate lines are
available (Fig. 3b), the same corridor is built but as DC
instead of AC, and several more DC lines are constructed.
In addition, significantly less investment is made in solar and
wind, suggesting that the availability of MTDC options allows
better spatial coordination of new and existing resources. To
this point, the annual delivered generation from wind and solar
decreases by only 6.1 TWh (0.7%) despite capacity decreasing
by 24.2 GW (10.5%), demonstrating lower curtailment and
better utilization of energy. In turn, investment in conventional
generation and storage increases, likely to serve local reliabil-
ity needs. The total cost of investment and operation is 4%
lower in BAU-MTDC than in LEL-AC.

Fig. 3b also shows the link selection and converter siz-
ing results of the BAU-MTDC scenario. Both point-to-point
(e.g., the line connecting Montana and Wyoming) and radial
configurations are selected (e.g., the line connecting Nevada-
Arizona-New Mexico). By optimizing converter capacity in-
dependently of transmission lines—instead of requiring con-

1.5 GW
2 GW
2.5 GW
DC Supply
DC Load

Fig. 4: BAU-MTDC scenario: Average converter injection or
withdrawal and direction of DC energy transfer.
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Fig. 5: LEL base scenario: Transmission and generation build.

verters on both ends of each DC link sized equal to the
link capacity—the model avoids nearly 20 GW of converter
capacity. This results in approximately $1.1 billion in savings
(0.5%), underscoring the importance of dynamically selecting
network configurations.

Source–sink relationships in Fig. 4 are indicated by the
average injection or withdrawal at each converter, identifying
whether the converter functions as a load or a supply within its
AC zone. The lines illustrate the direction of energy transfer,
generally flowing from remote supply regions to major load
centers (e.g., Las Vegas and the San Francisco Bay Area).

C. DC Transmission Investment for Large Electric Loads

Generation and transmission expansion decisions for the
LEL scenario are shown in Fig. 5. Inclusion of LEL not only
increases the total load but also impacts the spatial distri-
bution of load. In response, the model builds more variable
generation, more converter capacity, and more (and different)
transmission. Still, transmission is built in similar corridors in

979-8-3315-8138-1



0

50

100

150

200

250

300

350

400

In
st

al
le

d 
Ca

pa
cit

y 
(G

W
)

32.0

133.5

68.7

22.5

151.1

Converter
Solar
Storage
Thermal
Wind

0 2 4
GW
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the BAU and LEL scenarios, particularly along the Southwest,
California-Oregon, and the Plains.

Fig. 6 shows results from a case with fixed transmission
investment, building the DC links selected in the base LEL
scenario, augmented to form a meshed MTDC network. This
meshed MTDC network incurs a modest increase in cost of
$1.3 billion (0.46%) relative to the $280.4 billion cost of
the base LEL scenario. Meshed networks can have stability
and reliability advantages not captured in our model, and this
experiment illustrates the potential cost premium associated
with pursuing those benefits.

IV. CONCLUSION

This paper introduced a CEP model that supports MTDC
investment and allows independent selection of DC lines and
sizing of converters. This capability enables the optimization
of system configuration, including point-to-point, radial, and
meshed layouts. Power flow physics is represented for AC and
DC networks to capture operational limits and the flexibility
provided by converters. The model is applied to a 43-zone
system representing the Western Interconnection based on
the WECC 2030 ADS. Simulation results show that DC
investment out-competes AC and reduces the need for new
variable generation capacity through more efficient utilization
of new and existing resources. The LEL case demonstrates
the additional value of MTDC transmission under high load
growth. Further, evaluation of a large-scale meshed MTDC
network suggested that such a reliability-enhancing configu-
ration adds only modest system cost. Future work includes
enabling continuous investment in transmission projects, and
addressing the computational difficulty of the CEP problem
with MTDC investment by developing heuristic solver algo-
rithms and using more efficient power flow formulations.
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