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Sector coupling via hydrogen to lower the cost of
energy system decarbonization†
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There is growing interest in using hydrogen (H2) as a long-duration energy storage resource in a future electric

grid dominated by variable renewable energy (VRE) generation. Modeling H2 use exclusively for grid-scale

energy storage, often referred to as ‘‘power-to-gas-to-power (P2G2P)’’, overlooks the cost-sharing and CO2

emission benefits from using the deployed H2 assets to decarbonize other end-use sectors where direct

electrification is challenging. Here, we develop a generalized framework for co-optimizing infrastructure

investments across the electricity and H2 supply chains, accounting for the spatio-temporal variations in energy

demand and supply. We apply this sector-coupling framework to the U.S. Northeast under a range of

technology cost and carbon price scenarios and find greater value of power-to-H2 (P2G) vs. P2G2P routes.

Specifically, P2G provides grid flexibility to support VRE integration without the round-trip efficiency penalty and

additional cost incurred by P2G2P routes. This form of sector coupling leads to: (a) VRE generation increase by

13–56%, and (b) total system cost (and levelized costs of energy) reduction by 7–16% under deep decarboniza-

tion scenarios. Both effects increase as H2 demand for other end-uses increases, more than doubling for a 97%

decarbonization scenario as H2 demand quadruples. We also find that the grid flexibility enabled by sector cou-

pling makes deployment of carbon capture and storage (CCS) for power generation less cost-effective than its

use for low-carbon H2 production. These findings highlight the importance of using an integrated energy sys-

tem framework with multiple energy vectors in planning cost-effective energy system decarbonization.

Broader context
Deep decarbonization of energy systems is imperative to address climate change. Hydrogen could play a significant role in cost-effectively reducing CO2

emissions from certain end-uses where direct electrification is challenging. Here, we develop a scalable decision-support framework for assessing the costs and
technology choices for the decarbonization of the power sector and one or more end-use sectors such as transport, industry, and buildings. This framework
provides a systematic way to study the role and impact of hydrogen based technology pathways in a future low-carbon, integrated energy system, while
accounting for interactions within and between supply chains of end-use fuels (electricity and hydrogen in this case). Our numerical experiments with the
framework reveal substantial cost saving and CO2 emission reduction benefits from coupling the power sector and other end-use sectors via the flexible
production of hydrogen from electricity, which avoids the extra efficiency losses and capital cost of electricity storage mechanisms based on hydrogen as the
storage medium. In such an integrated energy system, carbon capture and storage is also found to be more cost-effective for low-carbon hydrogen production
rather than low-carbon electricity generation. The developed framework can be readily extended to include other end-use fuels (e.g. synthetic fuels) and other
vectors (e.g. biomass, CO2) that could play a role in a low-carbon integrated energy system.

1 Introduction

As the greenhouse gas (GHG) emission intensity of electricity
generation in various regions has declined with continued

adoption of wind and solar generation, there is growing interest
to pursue electrification-centric decarbonization strategies for
other end-use sectors where emissions reduction has been
sluggish. Yet, direct electrification may be practically challenged
for some of these end-uses, e.g., in the case of heavy-duty
transport where volumetric energy density and refueling time
are key drivers for fuel choice. In this context, hydrogen (H2) and
H2 derived energy carriers are expected to play critical roles in
the decarbonization of difficult-to-electrify end-uses in transport,
building and industrial sectors.1 Decarbonizing these sectors via
electricity or H2 use could potentially enable a more integrated
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energy system with potentials for cost-savings through increased
asset utilization.2 The key advantage of sector coupling is rooted
in the extra flexibility from end-use sectors to accommodate
variable renewable energy (VRE) resources, directly via power or
indirectly via H2.3 In addition to the plurality of its end-uses, the
multiple technology choices across the H2 supply chain, from
production, storage, transport and end-use, make its assessment a
complex systems problem. Here, we propose a scalable decision-
support framework for assessing the impact of technology and policy
choices on the decarbonization of power sector in conjunction
with other end-use sectors. This framework provides a systematic
way to study the role and impact of H2-based technology pathways
in a future low-carbon, integrated energy system at a regional/
national scale.

Recent renewed interest in H2 has been partially intrigued
by expectations of a future VRE-dominant electric grid and cost
declines for water electrolyzers,4 both of which raise the
prospect of electrolytic H2 becoming cost-competitive with
fossil fuel-based pathways, e.g., natural gas reforming.5,6

Besides the economics of electrolytic H2 production,7,8 many
studies have focused on evaluating the economics of H2-based
energy storage for the grid (power-to-gas-to-power, P2G2P),
which relies on electrolysis for H2 production, under deep
decarbonization scenarios. Some of the studies in this area
focus on: (1) comparing the cost-effectiveness of P2G2P with
other types of long-duration energy storage options like
pumped hydro and compressed air energy storage for variable
renewable energy (VRE) integration, from a marginal deployment
perspective (i.e. electricity price taker),9–11 (2) assessing least-cost
investment and operation of H2 storage and short-duration energy
storage like lithium-ion batteries in the context of VRE dominant
power systems,11–14 and (3) the operational scheduling of H2

storage in power markets.15,16 Although these studies provide
useful insights to compare different energy storage technologies
from the perspective of the power sector, they overlook the
multiple potential uses of H2 (or H2 derived carriers) outside the
power sector and the associated cost-savings resulting from
sharing infrastructure costs across these uses. Consequently, in
the absence of modeling cross-sectoral interactions, the role of H2

storage may be under-valued as compared to other long-duration
storage technologies in future low-carbon power grids.17

With the above motivation, a number of studies have
expanded the scope of traditional power sector capacity expansion
models (CEM) to endogenize investment decisions in end-use
technologies, which include some parts of the H2 supply chain,
notably electrolytic H2 production. These studies highlight the
potential for flexible electricity consumption in other end-uses to
partially substitute the need for energy storage in the electricity
sector and alter generation mix in the power sector towards
increasing VRE deployment.18–21 While these studies are
inspiring, the interactions between the H2 supply chain and the
power sector, in many of the studies, exclude critical components
in the H2 supply chain. For example, some studies ignore the
possibility of natural gas-based H2 production from steam
methane reformer (SMR) with or without carbon capture and
storage (CCS).22–24 Second, most literature either do not consider

some modes of H2 transmission22,25,26 or when it is included, the
modeling of H2 transmission is oversimplified by setting
fixed lower and upper H2 flow limits for each route.23–25,27 These
approaches may not capture the potential benefits of both H2

pipeline and trucks serving as transmission and storage assets
simultaneously. Notably, H2 trucks can function as mobile
storage, which has been shown to provide greater operational
flexibility than stationary storage.28 Moreover, the existing
literature does not reveal a clear evolution of the role of H2 in
energy systems as the costs of H2 infrastructure decline with
increased adoption or technology innovation. Jacobson et al.
(2019)29 proposes Green New Deal roadmaps for 143 countries
and analyzes the cost-savings and job creations of the roadmaps,
considering power-H2 coupling and H2 for transportation. Some
of the key differences between this study and Jacobson et al.
(2019)29 include the use of a multi-zone least-cost optimization
model as well as the representation of hydrogen transmission
(and storage) via trucks and pipelines to manage spatiotemporal
variability in supply and demand. Fasihi et al. (2020)30 analyzes
the levelized costs of baseload electricity and baseload hydrogen
with 100% renewable energy, considering P2G2P. While it could
be more valuable for 100% renewable energy systems,29,30 we
show that the extra flexibility from sector-coupling still brings
significant value even in case of deeply decarbonized systems that
rely on sparing use of natural gas with or without CCS.

This paper develops a high-fidelity electricity-H2 capacity
planning model, Decision Optimization of Low-Carbon Power-
Hydrogen Network (DOLPHYN), to study the role of H2 in
low-carbon energy systems, the sector-coupling effects, and
the trade-offs between various technology options across the
entire bulk supply chain‡ of both energy carriers. For a pre-
defined set of electricity and H2 demand scenarios, the model
determines the least-cost technology mix across the power and
H2 sectors while adhering to operational constraints of the
power and H2 supply chains at an hourly resolution along with
the spatio-temporal variations in VRE supply and energy
demands. We apply the DOLPHYN model to the U.S. Northeast
energy system for a range of CO2 prices (up to $1000 per tonne
CO2), H2 demand and technology cost scenarios, to analyze the
interactions between the power and H2 supply chains, the
sector-coupling benefits, and the role of H2 to serve as a flexible
demand response or grid-scale energy storage for the power
sector.

2 Methods
2.1 Model overview

The DOLPHYN model evaluates investments and operations
across the bulk supply chain for electricity and H2, including
production, storage, transmission, conditioning (compression/
liquefaction in the case of H2) and demand as shown in Fig. 1.
The model determines the least-cost mix of electricity and H2

production, storage, and transmission infrastructures to meet

‡ The last-mile distribution networks of electricity and H2 are not considered in
this study.
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power and H2 demands subject to a variety of operational and
policy constraints. The developed model can incorporate a wide
range of power and H2 technology options, including VRE
generation, carbon capture and storage (CCS) applied to power
and H2 generation, and truck (gaseous, liquid) and pipelines
for H2 transportation. The power systems and H2 supply chain
are coupled primarily through electrolysis and power generation
technologies fueled by H2, as well as electricity consumption in
H2 compression/liquefaction. The key operational constraints of
the model, implemented at an hourly resolution, include: (a)
supply-demand balance for H2 and electricity at each zone, (b)
inventory balance constraints for stationary storage technologies,
(c) inventory balance constraints related to trucks at a given
location (any of the zones and routes, arriving, departing or in
transit) and for different states (empty and full), and (d) linearized
unit commitment for conventional thermal power generation
technologies and natural gas based H2 production technologies.
We enforce the operational constraints at an hourly resolution
over a set of representative weeks that are selected from applying
time-series clustering to annual demand and VRE resource profile
data,31 to approximate annual system operations. The time-
domain reduction preserves chronological variability of
energy demands and VRE resource availability, as well as the
correlations among them, while reducing the model size to still be
computationally tractable. Process level CO2 emissions are
penalized with a price on emissions in both sectors. The details
of the power system planning model and the H2 supply chain
model can be referred to Jenkins and Sepulveda32 and He et al.,28

respectively. The model data inputs are available on GitHub,33

and the codes are being prepared for open-source release shortly.

2.2 Case study setup

We illustrate the value of the proposed model using a case
study where we assess electricity and H2 infrastructure
outcomes for the U.S. Northeast region under a variety of
demand, technology and CO2 price scenarios for 2050.
We model a greenfield 2050 system with the exception of
existing inter-zonal transmission, hydro power generation

(both domestic and imports from Canada), and pumped hydro
storage capacity in the region. The U.S. Northeast region is
represented in the model as six zones, shown in Fig. 2(a),
according to the zonal boundaries adopted from the Integrated
Planning Model.34 An additional seventh zone is included with
zero energy demand to represent imports of Canadian hydro
power generation that is limited by power and transmission
capacity constraints. States in the Independent System Operator
New England (ISO-NE) are split into zone 1–3 and the New York
Independent System Operator (NYISO) is split into zone 4–6
based on their load share split in 2012. As zone 4 is heavily
urbanized, we do not allow centralized H2 generation (SMR or
SMR with CCS) to be built in that zone, but distributed
electrolyzers are allowed. While our major conclusions and
implications should be generalizable to other regions, the U.S.
Northeast (New England and New York) is an interesting region
to study for a few reasons. First, it has a strong legislative and
regulatory support for renewable generation, offset by relatively
low quality solar resource and difficulty in siting, which in some
cases translates into increased infrastructure costs. Second, most
of the Northeastern states have also pledged to reduce their
economy-wide GHG emissions by at least 80% by 2050, with a
few states committing to more stringent targets. Third, heating
represents a major energy demand for the Northeast and may be
particularly challenging to fully electrify, which makes the option
of H2 use in final energy relevant for this region. Collectively,
these factors make sector coupling potentially more important
for the cost-effective energy system decarbonization in the U.S.
Northeast as compared to other regions.

Electricity demand data (excluding electrolysis) are based on
2018 NREL electrification futures study load projection for
2050,35 with assumed business-as-usual technology advancement
and reference electrification.

The H2 demands for each zone are developed based on
available fuel consumption data, hourly refueling profiles36 for
both light- and heavy-duty fuel cell electric vehicles (FCEV), and
the relative penetration of FCEV. In the base case, we assume 1
million tonne per year H2 demand for the transport sector in

Fig. 1 Superstructure of the coupled model of power systems and H2 supply chain.
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the U.S. Northeast (corresponding to 20% FCEV penetration).
Light-duty vehicle (LDV) fuel consumption for each zone is
estimated using state-level gasoline consumption data for 2017

from the U.S. Energy Information Administration, which is
then converted to a H2 consumption equivalent based on the
relative efficiency of FCEV to gasoline internal combustion
vehicle. Heavy-duty vehicle (HDV) demand projections are
based on the National Freight Analysis Framework.37 The zonal
average demands of power and H2 are shown in Fig. 2(b).
Although the estimated H2 demands are based on its use in
transportation, the model outcomes are also relevant for
similar levels of H2 consumption in other end-uses.

For the power system, we include thermal, renewable,
nuclear generation, and storage resources, whose main para-
meters are derived from the NREL annual technology
baselines38 and the EIA Annual Energy Outlook 201839 for the
year 2045, as summarized in Table 1. As no new coal plants will
likely be built in this region, we consider the options of natural
gas combined cycle gas turbine (CCGT), open cycle gas turbine, as
well as CCGT with CCS. The VRE resource cost and availability in
each zone are represented by supply curves40 to characterize
different possible sites with specific resource availability profile,
maximum potential capacity, and average cost of interconnection.
We use three supply curves per zone for onshore wind and one
supply curve per zone for PV. Offshore wind is included with no
capacity limits and single resource profile for zone 2 and zone
4 based on sampling sites from the NREL Wind Toolkit that
overlaps with the areas. Distributed PV is modelled with
a separate resource profile per zone and minimum build
requirement to meet 2029 projections by NYISO and ISONE. For
hydropower, we consider hydro reservoir, hydro run-of-river,
and Canadian hydro, whose hourly generation profiles are extra-
polated from historical monthly outputs. The average capacity
factors of VRE resources are shown in Fig. 2(c). Lithium-ion
battery storage and pumped hydro storage are considered for
electrical energy storage. The initial power transfer capacities
between each zone are developed from the integrated planning
model (IPM) documentation34 and are tabulated in Table S2 in
the ESI,† while transmission expansion costs are listed in Table S1
(ESI†). Power transmission loss is accounted for as a fixed
percentage (see Table S2, ESI†) of transmitted electricity for each
line. The upstream social costs related to mining, equipment
manufacturing, and transport are not considered in the case study
results.

The main cost and performance parameters of H2 generation
and G2P technologies are summarized in Table 2, which include
electrolysis, natural gas fueled SMR with and without CCS

Fig. 2 Demand and renewable energy resources distributions in the U.S.
Northeast. H2 demands are estimated based on transportation fuel
consumption data in 2017, and electricity demands are projections for
2050 as per the reference electrification scenario from NREL electrifica-
tion futures study.35 (a) Geographical zone classification for U.S. North-
East and average H2 demands for each zone; (b) average power and H2

demands for each zone; (c) Average capacity factors of wind, PV, and
hydro for each zone.

Table 1 Major Parameters for generation and storage technologies in the power sector for the year 2045.38,39 CAPEX: capital cost; FOM: fixed
operational and maintenance cost; VOM: fixed operational and maintenance cost!

Technology
Onshore
Wind

Offshore
Wind Utility PV

Distributed
PV

Li-ion
Battery

Pumped
Hydro CCGT OCGT

CCGT
w/CCS Nuclear

Power CAPEX (103$ per MW) 1074 2179 725 882 119 1966 936 854 2080 6048
Energy CAPEX (103$ per MW per h) — — — — 136 — — — — —
FOM (103$ per MW per year) 35 59 8 6 2 44 13 11 27 119
VOM ($ per MW per h) — — — — 3 — 2 4 6 2
Heat Rate (MMBTU per MW per h) — — — — — — 6 10 8 10
Round-trip efficiency — — — — 85% 80% — — — —
Lifetime (years) 30 30 30 30 15 50 30 30 30 30
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(90% capture), stationary fuel cell, and H2 fueled CCGT. Similar
to other studies5,7,18 focused on electrolyzer-grid interactions, we
approximate electrolyzer lifetime as a fixed parameter (10 years
shown in Table 2) rather than as a model variable that depends
on electrolyzer operation. This approach does not account for
the impact of use-dependent degradation of electrolyzer systems.
We model trucks and pipelines as the key modes of H2 transmission,
with the distance traveled in each case measured by the distances
between the polygon centroids of each zone. At the same time,
we also model them as potential storage resources, in tandem
with stationary H2 storage. We model the potential deployment
of two types of trucks, based on handling H2 as a cryogenic
liquid or compressed gas, while the pipelines are considered as
multiples of a 42 cm-diameter 100-bar pipeline being built
across different geographies. We do not consider geological
H2 storage as its availability in the U.S. Northeast region is
uncertain.41 The parameters of H2 transmission and storage
technologies are summarized in Table 3. The interfaces of each
of these transmission and storage technologies with H2 gen-
eration and demand require compression and/or liquefaction
depending on the state of H2. The compression/liquefaction
costs comprise of the capital cost of the equipment as well as
the operational costs from electricity consumption, which are
also provided in Table 3.

2.3 Modeling approximations

To maintain computational tractability with the expanded
scope of investment and operational decisions considered here,
we implement the following approximations, whose potential
impacts on model outcomes are described below. Similar to
other power sector CEM studies,9,40 we approximate annual
hourly system operations based on modeling operations of the
system over 30 representative weeks. The representative week
selection is based on a K-means clustering technique,
described in Mallapragada et al. (2020),31 in conjunction with
heuristics regarding so-called ‘‘extreme’’ weeks applied to
7 years (2007–2013) of load and VRE availability data. Because
representative periods identified via clustering techniques are
known to emphasize typical weeks over extreme weeks, we
apriori identified ‘‘extreme’’ weeks in the data set with the
highest load and lowest average VRE capacity factors and added
them to the set of 30 representative weeks to be considered by
the model. We found that the model outcomes do not change
significantly with more than 30 representative weeks (see
Fig. S3, ESI†).

Some of the technologies considered in the power and H2

supply chain, namely thermal power plants, H2 pipelines and
SMR based H2 production facilities, exhibit economies of scale

and limited operational flexibility, which typically requires
using binary or integer variables to represent their investment
and operations. However, because in nearly all scenarios, we
are deploying more than one unit of each technology, the
approximation of modeling investment in these technologies
as continuous rather integer variables is relatively small. Prior
modeling work48,49 has shown that such an approximation in
practice results in a relatively small error in the overall dispatch
and objective function while leading to large reductions in
computational run times. In the case of SMRs, which represent
centralized H2 production sources, we estimated that the
additional H2 storage cost (pressurized gas tank) needed to
make SMR output flexible only accounts for approximately 1%
of the capital cost of SMR with CCS.§ Therefore, we assume
SMR is as flexible as electrolysis in this study.

3 Results
3.1 Optimal technology mixes

Fig. 3 presents the optimal technology mixes with different CO2

prices and electrolyzer capital costs. The scenarios with 0, $50
per tonne, $100 per tonne, and $1000 per tonne CO2 prices
correspond to approximately 100%, 40%, 30%, and 3% CO2

emissions compared to no CO2 price scenario, representing no
carbon policy, moderate carbon policy ($50 or $100 per tonne), and
deep decarbonization scenarios ($1000 per tonne), respectively.
Here we highlight several observations from Fig. 3: first, from
Fig. 3(a) and (b), we find that as the CO2 price increases, the H2

generation switches from central SMR, to SMR with CCS, and then
to electrolyzer, accompanied by the power generation shifting away
from CCGT to wind and solar. Second, electrolyzer is only cost-
effective for deployment at higher CO2 prices and/or reduced
capital costs compared to 2020 costs levels for multi-MW systems,
which is near $800 to $1000 per kW.42 Third, although CO2

price increase favors an increasing share of H2 generation from
electrolyzer and VRE power generation, it has a relatively small
impact on the installed capacities of natural-gas-fueled H2 and
power generation (SMR and CCGT). CCGT, mostly without CCS,
and SMR with CCS remain cost-effective sources of flexible power
and H2 supply for time periods when the lack of VRE generation
result in scarcity pricing in the power system, for all CO2 price
scenarios analyzed here (see Fig. 3(c) and (d)). Fourth, Fig. 3(c)

Table 2 Major parameters for H2 generation and gas-to-power (G2P) technologies. CAPEX: capital cost

Electrolysis42 SMR42 SMR w/CCS42 Fuel Cell43 CCGT-H2
38

Unit CAPEX 300–700 $ per kWe 910 $ per kWH2
1,280 $ per kWH2

1,264 $ per kWe 1,171 $ per kWe

Lifetime (years) 10 25 25 10 25
Efficiency (LHV) 74% 76% 69% 60% 65%
Emissions intensity (tonne CO2 per tonne H2) 0 8.9 1.0 0 0

§ Assuming that a one-hour gas storage is installed to buffer SMR starting up or
shutting down, then the capital cost of storage for SMR of one tonne per hour is
$0.58 million, which is 1% of the capital cost of SMR with CCS ($391 million for a
9.2 tonne per hour unit). The electricity operating cost is negligible when SMR is
ramping down (charging and compressing), as the electricity must be very cheap
at the time.
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and (d) highlight that CCS is utilized at lower CO2 prices in the
H2 sector (less than $50 per tonne) than in the power sector
(greater than $100 per tonne). This finding is a result of lower cost
of CO2 capture at SMR facilities than CCGT power plants¶ as well

as the higher utilization factor of SMR-CCS facilities vs. CCGT-CCS
facilities in the analyzed scenarios. For example, in the scenario
with $300 per kW electrolysis and $100 per tonne CO2 price, the
capacity factor is 18% for CCGT, while 53% for SMR with CCS.
Lastly, we find from Fig. 3(e) that H2 storage, both stationary and
mobile, accounts for the majority of storage resources in no and
moderate carbon policy scenarios, while the requirement for
electrical storage increases with higher VRE penetration in the
power sector. Overall, in the future energy system in the U.S.

Table 3 Major parameters for H2 transmission and storage technologies. CAPEX: capital cost; OPEX: operational cost; A: cost and electricity
consumption proportional to pipeline length; B: cost and electricity consumption irrelevant to pipeline length; C: truck and tank storage compression
related costs and electricity consumption

Pipeline Gas tank Liquid truck Gas truck

Unit capacity 38.8 tonne per hour42 0.3 tonne44 4 tonne44 0.3 tonne44

Capital cost 3.72 M$ per mile42,45 0.58 M$ per tonne44 0.2 M$ per tonne44 1 M$ per tonne44

Compression CAPEX (A) ($ per mile-unit) 70046,47 0 0 0
Compression CAPEX (B) (M$ per unit) 0.75 0 0 0
Compression electricity (A) (MWh per tonne-mile) 0.014 0 0 0
Compression electricity (B) (MWper h per tonne) 1 0 0 0
Unit OPEX ($ per mile) 0 0 1.5 1.5
Compression CAPEX (C) ($ per (tonne per hour)) 0 0.544 3244 1.544

Compression electricity (C) (MW per h per tonne) 0 246,47 1146,47 146,47

Boiloff rate 0 0 3% 0
Lifetime (years) 40 12 12 12

Fig. 3 Optimal generation and storage capacity mixes and CO2 emissions in the power and H2 sectors under various CO2 price and electrolysis cost scenarios
in U.S. Northeast. Technologies that are not cost-competitive are not shown. (a) H2 generation capacity; (b) power generation capacity; (c) H2 generation per
year; (d) electricity generation or electrical storage energy discharge per year; (e) chemical/electrochemical energy storage capacity in power and H2 sectors; (f)
CO2 emissions in power and H2 sectors. The hydrogen demand is 1 million tonne per year. The carbon price varies from 0 to 1000 $ per tonne (upper x label).
The electrolyzer cost varies from $700 per kW to $300 per kW (lower x label). SMR: steam methane reformer; LH2: Liquid H2; GH2: Gaseous H2.

¶ The levelized CO2 abatement cost of CO2 capture facility is approximately $40
per tonne at SMR and $110 per tonne at CCGT, given the cost and efficiency
assumptions in the study (CO2 transportation cost is assumed to be
$20 per tonne-CO2).
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Northeast, we find that natural gas could play a key role as a flexible
resource, and electrolytic H2 supply will be cost-effective with
moderate carbon policy ($50 per tonne or greater) and/or electro-
lyzer capital cost reduction ($300 per kW or lower).

For the baseline assumptions of H2 transport technologies
(Table 3), we find that pipelines dominate trucks as the
preferred mode of H2 transport. Fig. S4 (ESI†) highlights the
magnitude of H2 transported broken down by mode, which
suggests that the magnitude of H2 transported across the
network under various scenarios is quarter or less than the
total H2 demand (corresponding to 1 million tonne per year for
results shown in Fig. S4, ESI†). This suggests that majority of
the H2 demand is met by local production for our case study.
In case there are further restrictions on deploying H2 production
in some zones (similar to our baseline assumption of not
allowing SMR in zone 4), it may be reasonable to expect greater
role for H2 transportation in the overall supply chain. Fig. S4
(ESI†) also highlights that if pipeline costs are higher than our
baseline assumption, e.g., due to geographical conditions or
population density, then trucks tend to be more cost-effective.
Our results also point to the inter-dependencies between
technology choices for H2 production and transport. Specifically,
we find that more H2 transportation is needed in the cases with
SMR as the dominant H2 supply source compared to the cases
with dominant electrolytic H2 supply (see Fig. S4, ESI†).
Pipelines, because of their relatively high capital costs, are more
cost-effective with large and steady H2 transmission demand from
centralized SMR production, while electrolyzers can be deployed
in a more distributed manner and thus complement smaller-scale
and more flexible H2 transmission mechanisms like trucks.

3.2 Sector-coupling effects

When the power and H2 sectors are tightly coupled through
electrolysis or H2-based power generation, the operational

flexibility resources in the H2 sector can support VRE integration
in the power sector, leading to overall system cost reductions.
Fig. 4 demonstrates how the two sectors coordinate with each
other in a representative week for the scenario with $300 per kW
electrolyzer and $100 per tonne CO2 price. As shown in Fig. 4,
electrolyzers are the main H2 supply source when VRE supply is
abundant, such as hour 0 to 50. WhenVRE is in short supply
relative to baseline electricity demand, such as between hour 60
to 80, SMR, stationary gas storage, and pipelines are utilized to
meet H2 demands.

What are the benefits of coupling power and H2 supply
chains? To quantify the impact of sector coupling, we compare
the optimal power sector generation mixes with and without
the options of conversion between power and H2 (electrolysis
and H2-based power generation). In the latter case, H2 production
would exclusively rely on natural gas based pathways.8 From
Fig. 5(a), we can observe that the power and H2 interactions
(mainly through electrolysis) boost VRE generation (as well as VRE
capacities, see Fig. S5(a), ESI†) in the power sector, reduce VRE
curtailment (see Fig. S5(b), ESI†) and reduce the need for dis-
patchable resources like CCGT and battery storage. This boosting
effect grows as the share of electrolyzer in the H2 supply chain
increases, due to either increasing CO2 price and/or increasing H2

demand. In the deep decarbonization scenarios with total H2

demands equal to 1 and 4 million tonne per year, the total VRE
generation increases by 13% and 56%, and the VRE curtailment
reduces by 4–6% (wind plus PV, see Fig. S5(b), ESI†), respectively.

As a result of reduced need in dispatchable power resources
and cheaper electrolytic H2 production, we see cost savings
from sector coupling in Fig. 5(b), increasing with CO2 price and

Fig. 4 Generation and demand profiles in the power and H2 sectors in a representative week in the base case demand scenario (H2 demand 1 million
tonne per year), $100 per tonne CO2 price and $300 per kWe electrolyzer capital cost. (a) Generation and demand profiles in the power sector; (b)
Generation and demand profiles in the H2 sector.

8 Electricity consumption by conditioning (compression and liquefaction) is still
supplied by the power sector, and its cost is accounted in the same way as the
coupled case with conversion between power and H2.
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H2 demand, and approaching 16% of the total cost** of the two
sectors in the decoupled model in the deep decarbonization
scenario. Sector coupling also leads to greater CO2 emissions
reduction (up to 12% lower than the emissions in the case with
$0 per tonne CO2, $300 per kW electrolyzer, and 1 million tonne
per year H2 demand) than the case without coupling, owing to
the increased penetration of VRE generation in the power
sector. Both the cost savings and CO2 emissions reductions
from sector coupling increase with H2 demand (either from
transportation or other end-uses such as heating and industrial
sectors), more than doubling for the deep decarbonization
scenario as H2 demand quadruples. The CO2 emission
reductions due to sector-coupling are high in the cases with
no carbon policy because of the large absolute emissions in
that case. As the CO2 price increases from $50 per tonne to
$1000 per tonne, the CO2 emission reduction benefits from
sector coupling increase since individual decarbonization

becomes more expensive within each supply chain. The cost
saving from sector coupling increases as H2 demand increases
and peaks at 20% for H2 demand of 12.5 million tonne per year
in the deep decarbonization scenario (see Fig. S6, ESI†), which
is about 150% of the total annual power load in terms of LHV.

We also evaluated the impact of model outcomes when
factoring non-combustion GHG emissions from natural gas
use (including methane emissions) for power and H2 production.
For this analysis, we set the GHG emission intensity per MMBtu of
gas use based on estimated share of non-combustion GHG
emissions in the life cycle GHG emissions of natural gas based
power generation (on a CO2 equivalent basis using 100 year global
warming potential).50 The non-combustion GHG emission per
MMBtu of natural gas use for power and H2 generation are
assumed to be the same (0.016 tonne-CO2-equivalent/MMBtu).
Fig. S7 (ESI†) highlights that incorporating non-combustion GHG
emissions related to natural gas use does not change the main
findings of our study regarding the value of sector-coupling on
supporting VRE integration in the power sector and cost savings
for decarbonization. The sector-coupling benefits in system cost

Fig. 5 Differences in the optimal power system generation mix, total system cost, and CO2 emission between energy systems with and without
conversions between power to H2 under various CO2 price and hydrogen demand scenarios. (a) Differences in the optimal power system generation mix;
(b) Differences in the total system cost and CO2 emissions. The results are based on capital cost of electrolyzer of $300 per kWe. In (b), the cost savings
are shown as percentages of the total system costs in each CO2 price and hydrogen demand scenario, while the emission reductions are shown as
percentages of the CO2 emission in the case with $0 per tonne CO2, $300 per kW electrolyzer, and 1 million tonne per year hydrogen demand.

** The levelized costs of electricity and H2 reduce by the same rate, if the cost
savings are proportionally allocated between the power and H2 sectors.
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saving and CO2 emission reduction are greater when including
non-combustion GHG emissions from natural gas, both reaching
approximately 40% in the deep decarbonization case (see Fig. S7,
ESI†). The conclusion regarding the cost-effectiveness of CCS use
for H2 production over power generation is also robust to the
inclusion of non-combustion GHG emissions from natural gas
use. SMR with CCS still plays a role as non-electricity source for H2

during periods with low VRE availability, while CCGT with CCS is
not economical anymore in the deep decarbonization case. That
said, the capacity factor of SMR with CCS significantly reduces in
the deep decarbonization case (see Fig. S8(a) and (c), ESI†), owing
to the additional emissions penalty incurred by accounting for
non-combustion GHG emissions. In a separate experiment, we
also evaluated the impact of assuming a higher cost of SMR with
CCS that is consistent with present-day cost estimates,42 and
observed that its impacts on model outcomes are similar to the
impact of including non-combustion GHG emissions (see Fig. S9,
ESI†) and it does not change our broader conclusions about the
impact of sector-coupling.

3.3 Storage or flexible demand

G2P generators are not cost-competitive in the results discussed
above, even in the deep decarbonization scenario, because of
the relatively high capital cost and the additional efficiency
losses incurred in supplying power rather than H2. While they
may become economically feasible in the future with economics
of scale, technology innovations, and/or efficient deployment
strategies (like sharing power conversion systems with electro-
lyzers or renewable plants), the results imply that the sectoral
power exchange between the H2 and power sectors could be
highly imbalanced, as opposed to energy storage (charging and
discharging typically of the same order of magnitude).

We further evaluate the role of H2 supply chain and its
interaction with the power sector for different values of electro-
lyzer and G2P generator capital costs in Fig. 6. The electricity
and H2 interactions are quantified using two model outputs: (a)
the sum of annual power for H2 production (P2H) and annual
power generated from H2 (PfH) as a percent of total annual
electricity demand (excluding P2H) and (b) the ratio of annual

Fig. 6 Power exchanges between H2 supply chain and power system under different costs of electrolyzer and G2P generator. (a) Total power exchange
throughput, power used to generate H2 (P2H) plus power generated from H2 (PfH), as percentages to the total power load (without H2 generation); (b)
the ratio of P2H to PfH. We define the role of H2 supply chain as storage when the P2H and PfH are of the same order of magnitude, as flexible demand
when the P2H is of higher order of magnitude than PfH, and as generator when the P2H is of lower order of magnitude than PfH. The cost scenario of
electrolyzer ranges from $1000 per kWe to $200 per kWe, and the cost scenario of H2-based power generator ranges from $1200 per kWe to $500 per
kWe. The H2 demand scenario is set at 1 million tonne per year. All other parameters are the same as the base case.
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P2H to PfH. The red, orange, and light pink stars in Fig. 6
represent high, medium and low capital costs for P2G and G2P
technologies, respectively. We produce these representative
future cost scenarios based on potential cost savings from
economies of scale, technology learning, and system designs
that saves critical component costs like power electronics. We
can see from Fig. 6(a) that in the $100 per tonne CO2 price case,
along the cost-reduction pathway (i.e. a straight line connecting
the three star markers), the power exchange between the H2

and the power sectors increase from 2% to 10% of the total
electric load. For the deep decarbonization scenario ($1000 per
tonne CO2), the power exchange can be as high as 15% of the
total electric load in the low technology cost scenario. Notably,
as opposed to most literature that study H2 as long-duration/
seasonal storage, our results in Fig. 6(b) indicate that H2 will
more likely serve as a flexible demand response resource rather
than long-duration storage. This can be seen in Fig. 6(b), where
annual P2H generally tend to be several orders of magnitude
greater than PfH, for almost the full technology cost space
studied here. This observation stems from the additional
efficiency losses and capital costs of converting H2 back to
power associated with H2-based electricity storage vs. its use as
a flexible demand resource. The only exceptions when the
amounts of P2H and PfH are of the same order of magnitude
under moderate decarbonization scenarios ($50–100 per tonne
CO2) are with G2P capital costs below $700 per kW and
electrolyzer capital costs greater than $500 per kW (excluding
the cases when the total power exchange is extremely low). That
the minimum cost of G2P generator for the H2 supply chain to
play a storage role is higher in the moderate decarbonization
scenario compared to the deep decarbonization scenario
implies that the need for electrolytic H2 increases with decar-
bonization at a faster rate than the need for PfH.

4 Conclusions

The interest in H2 for decarbonizing energy systems is unques-
tionably increasing, in part driven by declining technology
costs, greater policy emphasis on decarbonizing non-electric
end-uses, and recognition of the limitations of direct electrifi-
cation in certain applications. The unique versatility of H2 as an
energy carrier and its multiple uses, however, require a holistic
view to accurately explore its role in future low-carbon
energy systems and the accompanying technology pathways.
Additionally, such a view could demonstrate the relative
economic and environmental merits of H2 and electricity use
for various end-uses as well as their complementarity as vectors
for decarbonizing the energy system.

To this end, we developed a generalized framework for cost-
optimal energy infrastructure investment and operations for
decarbonizing multiple end-use sectors based on coordinated
use of electricity and H2 supply chains, which manages spatio-
temporal variations in renewable energy inputs and energy
demands. This modeling approach provides numerous insights
on the technological make-ups of these energy supply chains,
spanning production, transport, storage and end-use, and on

their impacts on the cost of decarbonization, as highlighted via
the U.S. Northeast case study.

First, in the coupled energy system, CCS is deployed at lower
carbon prices in the H2 sector than the power sector, which can
be interpreted as CCS being more competitive in the H2 supply
chain than the power supply chain. This conclusion, however,
goes counter to the observation that six times more CCS
projects are expected to come online within this decade in
the power sector than for H2 production.51 For regions
like Europe, where decarbonization via H2 is part of many
governments’ decarbonization roadmap, our study highlights
the importance of prioritizing CCS deployment for H2

production.
Second, power and H2 sector coupling via flexible electro-

lysis and H2 storage enables increased VRE penetration in the
power sector, thereby reducing the need for alternative flexible
resources for managing VRE variability (e.g. gas generation,
battery storage, etc.), and in turn reducing total system cost.
Moreover, as opposed to other power-sector focused studies
that emphasize H2’s value as a grid-scale storage resource,9–11

our multi-sector view highlights the greater system value of P2G
as a flexible demand resource that avoids the additional
efficiency losses and capital cost incurred with P2G2P
pathways. This conclusion is found to be robust to future
expectations on the capital costs of electrolyzer and G2P
systems. Since electrolyzers and H2 storage are commercially
available, this finding also suggests that H2 playing a role for
grid balancing could be sooner than the full P2G2P routes
becoming cost-effective.

Third, as compared to the independent optimization of each
supply chain, we find that sector coupling via P2G, reduces the
cost of energy system decarbonization, and that this benefit
grows as the demand for H2 in other end-use sectors increases.
Realizing the benefits of such cross-sector coordination,
however, calls for policy and market reforms. For example, H2

prices need to be settled at similar spatio-temporal resolution
as electricity prices, to provide incentives and signals for H2

infrastructure owners, and electrolyzers should be allowed to
provide ancillary services to power systems. Taxation schemes
harmonized for different energy carriers could help remove
barriers for sector coupling.2 Moreover, both integrated
operation and planning of power and H2 sectors, through a
shared independent system operator or multiple system
operator partnership (e.g., the cooperation of three gas and
power system operators in Lower Saxony, Germany52), could
help fully exploit the sector-coupling benefits.

There are a number of areas for future work that can build
on this analysis. While this study has focused on H2 used in
transportation, greater H2 demand might be realized from
decarbonizing heating in buildings and industrial processes,
such as ammonia production and steel manufacturing. Those
H2 demands will have different temporal profiles and flexibility
compared to FCEV charging, and thus may affect the H2 supply-
demand balance in different ways. Accounting for these hetero-
geneous H2 demands should be further explored. Investigating
the last-mile delivery of H2 is out of scope of this study but is
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definitely a key area for future work. The last-mile H2 distribution
network will affect the total number of gas trucks needed for H2

transport in the system. Increased traffic congestion and safety
considerations of very large H2 truck fleets could limit the
deployment of trucks and increase the value of pipeline based
transport. Further analysis in conjunction with traffic simulations
is needed to assess this aspect. The proposed framework could
also be expanded to study the cost-optimal trajectory of the energy
transition. Prior work in the European context, has indicated that
an early and steady transition is more cost-effective compared to a
late and rapid transition.53

Regional factors, including resource availability and
demand level, could significantly affect the optimal technology
portfolios and the costs in both power and H2 sectors. For
example, while natural gas supply is abundant in the studied
U.S. Northeast region, it may be insufficient or expensive for
many regions in the world, leading to higher shares of VRE,
electrolytic H2 production, and storage. The ability to cost-
effectively store H2 at various time scales and capacities is a
critical factor in determining the optimal system architecture.
Underground salt caverns, where available, can provide cheap
H2 storage for VRE and electrolysis deployment. The competing
role of CO2 storage with H2 storage in underground resources
also need to be considered for relevant regions.
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