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ABSTRACT The building sector is responsible for about 7% of overall greenhouse gas emissions in the
US. Cutting the emissions by electrifying heating and cooling supply through heat pumps (HPs) leads to an
increase in electricity demand and potential overloading of lines and transformers in electricity distribution
systems. Although many studies investigate the maximum potential for HPs in existing distribution systems
in Europe, they neglect a potential relieving effect of combining HPs with rooftop photovoltaic (PV)
systems as well as the consequence of coupling the electricity and gas system at distribution level. Hence,
we investigate the effect of HPs and rooftop PV systems in a representative distribution system in Northeast
US and the potential of coupling electricity and gas distribution systems. We show that generally no
overloading in average US electric distribution systems occurs even under high realistic HP and PV adoption
rates, 40% and 26% respectively. Moreover, our results show that combining HPs and rooftop PV reduces
the impact on the distribution system throughout the year with the greatest reduction in spring and fall.
In contrast, the potential for injecting hydrogen on distribution level is technically very limited and not
economic. Under a 20 vol.-% blending strategy, CO2 emissions would barely decrease 7%, while energy
costs would skyrocket due to the high cost of producing green hydrogen from electrolysis against blue
hydrogen from steam methane reforming. Moreover, electrolyzers (ELZs) at distribution level are neither
able nor needed to reduce congestion in the electricity system.

INDEX TERMS Distribution system, heat pump, hydrogen injection, integrated energy system, synthetic
networks, sector coupling.

I. INTRODUCTION
As society, we need to act on several fronts to mitigate
climate change. Most of major emitters, including China,
the US, the EU, India, Russia, Japan, and Canada, have
pledged or approved legislation to reach net zero emissions
by 2050, 2060 or 2070 [1]. To reach this goal the power
generation, industry, transportation, and building sectors
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must be decarbonized. A strong focus is set on the building
sector as the sector represented about 10% of direct CO2
emissions in 2020 [2]. Major CO2 emission reductions
are expected by implementing energy efficiency measures
and electrifying heating and cooling loads through heat
pumps (HPs).

Looking at the US, space heating of buildings is respon-
sible for about 7% of overall greenhouse gas emissions [3].
Mitigating these emissions by electrifying fossil-fuel-based
heating in buildings will affect the operation of distribution
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networks, e. g., increase in peak load, increase in non-
coincident peak load by 70%, switch from summer to winter
peaking [4].

A study of a generic network in the UK showed that
substation transformers may be overloaded when HP pene-
tration exceeds 20% while voltage limits remain in limits
until 37% [5]. Another study on low-voltage distribution
networks in the UK with different topologies and buildings
revealed that old houses (i. e., poorly isolated) only allowed
20% HP penetration before leading to congestion in the
network while modern isolated houses allowed up to 40%
penetration [6]. Similar results are shown by [7] for Belgian
low voltage networks. Weak feeders only allowed 20% to
30% HP penetration while stronger feeders accommodate
40% penetration. To reduce the impact on the network and
avoid capacity upgrades of the electric power system (EPS)
in areas with older houses or cold climate, [8] suggests to
use hybrid systems. Although the studies where conducted for
different European countries all tend to establish a threshold
between 20% to 40% depending on the building stock and
distribution network.

However, distribution systems do not only face an increase
in HPs but also an increase in rooftop photovoltaic (PV),
which is neglected by the studies. As the combination of
HPs and PVs might be beneficial from a network standpoint,
the threshold of HPs might be higher than in the above-
mentioned studies. Furthermore, as the studies focus on
European distribution networks, their results might not be
applicable to US networks due to different structures and
topologies.

Hence, we investigate the impact of combining HPs
and rooftop PV systems on US distribution networks. For
this, we select a representative distribution network from
a database of realistic synthetic distribution networks [9]
and populate it with representative residential and com-
mercial buildings [10], [11] from the Northeast US. With
this, we characterize an average behavior of distribution
networks and buildings in a cold US climate area. Moreover,
we investigate if gas distribution systems can support electric
distribution networks by reducing the impact of HPs and PVs
through electrolyzers (ELZs) while increasing the renewable
energy share in the gas system (GS). With this, the GS
would also support a decarbonization of buildings for which
HPs are not adoptable either economically or technically,
i. e., buildings with weak insulation under very cold weather
conditions or high requirements of heat. We investigate the
technical and economic potential of blending up to 20 vol.-
% hydrogen into gas distribution systems, based on the upper
limit concluded by several studies [12], [13], [14], [15].We do
not examine hydrogen as a fossil fuel substitute as it would
require a complete costly retrofit of the GS.

Our first contribution is a complete methodological
approach. After selecting a representative distribution net-
work in terms of loading, number of consumers, and
residential/commercial ratio, we populate this network with
representative buildings of a specific climate region. We then

run an integrated power and natural gas flow analysis
considering different levels of HP and PV penetration,
as well as hydrogen production from distributed ELZs, which
are connected ex-ante at relevant nodes in the distribution
network. This full approach allows us to fill the gap on
questions such as the readiness of US distribution networks
to accommodate significant levels of HP and rooftop PV
systems, the economics of hydrogen blending to reduce
CO2 emissions, and the role of ELZs to alleviate voltage
limitations or congestion that may occur fromHP and rooftop
PV penetration.

To the best of the authors’ knowledge, this paper is the
first to investigate the joint impact of HPs, rooftop PV
systems, and hydrogen blending in a realistic US distribution
setup.

The paper continues in Section II formulating the inte-
grated gas-electricity power flow model. We then describe
in Section III the case study including the setup, scenarios,
power impact and hydrogen behavior, and discuss the
results. Finally, we highlight the most relevant conclusions
(Section IV).

II. ELECTRICITY-GAS POWER FLOW
A. ELECTRIC POWER SYSTEM
The system state of an EPS is usually determined by a
steady-state power flow calculation (e. g., [16], [17], [18],
[19]). Assuming a steady-state operation is reasonable as the
EPS reaches a steady-state within seconds after a change in
system state and thus within a simulation time increment of
the power flow calculation, e.g., 15min. The state of an EPS
is described by the complex nodal voltages, which are split
into voltage angle δN and voltage magnitude uN in the state
vector xps (e. g., [16], [17]):

xps =
[
δTN uTN

]T
(1)

with the voltage magnitude uN being pu-values, based on the
nominal voltage level of the investigated network Uref.
The nodal voltage angle and magnitude are determined

based on the the active and reactive power flow balances on
all nodes except for one slack node:

1pp,N = Re {UN Y
∗

NN u
∗

N} − pp,N,set = 0 (2)

1pq,N = Im {UN Y
∗

NN u
∗

N} − pq,N,set = 0 (3)

Here, UN being a diagonal matrix of the complex nodal
voltages uN. The node admittance matrix YNN repre-
sents the network topology and the equipment charac-
teristics. pp,N,set and pq,N,set are the pu-values of the
known nodal active and reactive power injections or with-
drawals (i. e., set points), which are based on a reference
value Ps,ref. Both balances are joined in the vector of
mismatches 1f eps.
A slack node must be defined with a known voltage

magnitude and angle [20] as otherwise the Jacobian matrix
is not invertible.

12964 VOLUME 11, 2023



J. Dancker et al.: Impact of HPs, Rooftop PV, and Hydrogen Blending on Gas-Electricity Distribution Networks

B. GAS SYSTEM
In gas distribution systems, the GS is generally assumed to
be steady-state as the gas compressibility has only a small
effect due to the small gas volume in pipelines and low
pressure levels. However, a hydrogen injection introduces
a dynamic behavior due to the hydrogen proagation which
must be considered. A detailed description of the gas flow
calculation can be found in [21]. The state of aGS is described
by the pressure at each node πN, the volume flow rate at each
terminal of the network at standard conditions qv,n,Te, and the
calorific value at each node ho,N. The state vector xgs is of size
(2N + Te) × 1:

xgs =

[
πT
N qTv,n,Te h

T
o,N

]T
(4)

The nodal calorific value considers a hydrogen injection and
tracks the hydrogen propagation through the network, as done
in many studies (e. g., [22], [23], [24]).

The vector of mismatches 1f gs contains the continu-
ity equation 1πL, the momentum equation 1qv,n,L, the
reduced demand/generation calorific value flow rate balance
1qho,n,DG,red, the reduced nodal pressure balance 1πG,red,
the steady-state volume flow rate balance of pressure
regulators 1qv,n,PR, and the nodal calorific value flow rate
balance 1qho,n,N:

1f gs =


1πL

1qv,n,L
1qho,n,DG,red

1πG,red
1qv,n,PR
1qho,n,N

 =


πL,calc
qv,n,L,calc
qho,n,DG,calc
πG,red,calc
qv,n,PR,calc
qho,n,N,calc



−


0
0

qho,n,DG,set
πG,red,set

0
qho,n,N,set

 (5)

The first and second balance in (5) determine the terminal
volume flow rates under steady-state conditions. For this,
the continuity and momentum equation are simplified by
assuming a one-dimensional flow, compressible and homoge-
neous fluid, horizontal pipelines, and an isothermal flow. The
simplified equations are discretized by a centered difference
scheme in space. Choosing a space discretization equal to the
length of the pipeline L leads to:

1π l =
ρn c2

Al

Qv,n,ex − Qv,n,in

2L
= 0 (6)

1Qv,n,l =
πex − πin

2L
+

f l ρ
2
n c

2

2Di,l Al π
Qv,n,l

∣∣Qv,n,l
∣∣ = 0 (7)

Here, Qv,n,l and f are the mean volume flow rate at standard
conditions and the mean friction factor of the pipeline, which
is flow dependent and determined as in the DHS. ρn is the
gas density at standard conditions while Di,l and Al are the

pipeline’s inner diameter and cross-sectional area. As the
spatial discretization is equal to the length of the pipeline,
the volume flow rates at the inlet and outlet of a pipeline
Qv,n,in and Qv,n,ex are used. The isothermal speed of sound
c is determined by the state equation:

c2 =
π

ρ
= Z Rϑ (8)

in which R and ϑ are the specific gas constant and gas
temperature while the compressibility factor Z is determined
by Papay’s equation which is also used by [25] and [23]:

Z = 1 − 3.52
(

π

πc

)
exp

(
−2.260

(
ϑ

ϑc

))
+ 0.274

(
π

πc

)2

exp
(

−1.878
(

ϑ

ϑc

))
(9)

in which πc and ϑc are the pseudo-critical pressure and
temperature. The equation is valid for pressures up to
150 bar and natural gas mixtures with up to 20 vol.-% of
hydrogen [23]. The gas properties of the gas mixture in each
pipeline are determined by averaging the gas properties of
hydrogen and natural gas according to their share in the gas
mixture.

The third and fourth balance in (5) determine the nodal
pressures. The reduced nodal demand/generation calorific
value flow rate balance 1qho,n,DG,red is set up for all nodes,
except known pressure nodes (e. g., slack node):

1Qho,n,dg,red =

Te∑
i=1

Qho,n,i − Qho,n,n,set = 0 (10)

The balance is set up as a calorific value flow rate balance to
consider a varying calorific value due to hydrogen injection,
ensuring that the energy demand at consumers is met. The
pressure balance, on the other hand, is set up for all nodes at
which the pressure level is known (e. g., slack node and lower
pressure nodes of pressure regulators):

1πg = πg,calc − πg,set = 0 (11)

The fifth balance in (5) determine the terminal volume flow
rates of pressure regulators. In this, we assume a steady-state
volume flow rate through a regulator:

1Qv,n,pr = Qv,n,pr,in − Qv,n,pr,ex = 0 (12)

The last balance in (5) determines the nodal calorific value,
including the effect of a varying hydrogen share in the GS.
The propagation of a change in hydrogen in a GS can be
described by a simplified one-dimensional advection partial
differential equation (PDE) [22]:

∂Ho

∂t
+ v

∂Ho

∂x
= 0 (13)

which can be solved to determine the calorific value at the
outlet of a pipeline as:

Ho,ex,ν = Ho,in,ν−τ (14)
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As no source term is included in (13), the calorific value
entering a pipeline reaches the outlet unchanged after a
transfer delay τ along the pipeline:

τ =
L
v

(15)

If the propagation is assumed to be steady-state (i. e., a change
in calorific value occurs simultaneously on all nodes in
the network) the transfer delay is zero. The propagation of
hydrogen described by (14) and (15) can be included into
the power flow calculation by the calorific-value-gradient
method described in [21]. With this the calorific value flow
rate balance is set up for all nodes except for the slack node,
tracking the hydrogen distribution:

1Qho,n,n =

∑
Ho,l,ex Qv,n,l,ex

−Ho,n

(
−Qv,n,n,set +

∑
Qv,n,l,in

)
−Qho,n,n,set = 0 (16)

The difference between the nodal calorific value flow rate
balance and the reduced demand/generation calorific value
flow rate balance in (10) lies in the calculation of the calorific
value flow rates. While 1qho,n,DG,red assigns the incoming
and leaving volume flow rates the same calorific value
(i. e., the nodal calorific value), 1qho,n,N assigns both flow
rates different calorific values. The calorific value flow rate
entering the node is determined by the calorific value at the
end of the respective edge, while the leaving calorific value
flow rate is determined with the calorific value of the node.
The calorific value flow rate entering the node is determined
by applying the calorific-value-gradient method described
in [21] and thus considers the transfer delay of the hydrogen
propagation.

C. INTEGRATED ELECTRICITY-GAS POWER FLOW
As in the steady-state power flow calculation of an Integrated
Energy System (IES), the equation systems of the different
energy systems are joined in a single equation system,
resulting in the state vector xies and the vector of mismatches
1f ies of the joined power flow calculation:

xies =
[
xTps x

T
gs

]T
(17)

1f ies =

[
1f Tps 1f Tgs

]T
(18)

To improve the computational efficiency and to reduce
convergence issues of the joined power flow calculation, the
state variables in (17) are normalized, reducing the order of
magnitude of the values in the Jacobian matrix [26]. In the
EPS, the voltage magnitude uN is based on the nominal
voltage level Uref. In the GS, the nodal pressures πN and the
nodal calorific values ho,N are related to the nominal pressure
level of the network πref,gs and the calorific value of natural
gas Ho,ref, respectively.

The Jacobian matrix J ies is set up based on the derivatives
of the vector of mismatches 1f ies with respect to the state

vector xies:

J ies =

[
Jps Jg2p
Jp2g Jgs

]
(19)

in which the submatrices on the main diagonal being the
Jacobian matrices of the single energy systems. The non-
diagonal submatrices, on the other hand, represent the
coupling and interdependencies between the two energy
systems. Whether a non-diagonal submatrix contains non-
zero elements depends on the coupling units in the IES and
their operation mode.

The power-to-gas Jacobian matrix Jp2g has non-zero
elements if a power-led ELZ is included in the IES:

Jp2g =

0 0
∂1qTho,n,DG,red

∂δN
0 0

∂1qTho,N
∂δN

0 0
∂1qTho,n,DG,red

∂uN
0 0

∂1qTho,N
∂uN

T

(20)

The ELZ affects not only the hydrogen gas infeed, depicted
by the derivatives of the reduced demand/generation calorific
value flow rate balance 1qho,n,DG,red but also reduces the
calorific value, affecting the nodal calorific value flow rate
balance 1qho,N.
The gas-to-power Jacobian matrix Jg2p contains only

non-zero elements if an ELZ is operated in gas-led mode:

Jg2p =

[
0

∂pp,N
∂qTv,n,Te,ν

0

0 0 0

]
(21)

III. CASE STUDY
A. LOAD, GENERATION, AND NETWORK DATA
We investigate the impact of HP and PV systems and the need
and potential of coupling the EPS andGS on distribution level
based on a synthetic USMV-level distribution system located
in Northeast US.

As no suitable network data for a distribution network
in Northeast US is available, we extract a single MV/MV
substation, which is representative for most MV/LV sub-
networks from a synthetic network representing the San
Francisco Bay Area with approx. 2.2 mio. consumers given
in [9]. We assume that the network topology and main
characteristics of distribution systems in the US are similar
for different regions and only the load profiles differ.

To choose a subnetwork for the analysis, all connections
between feeders connected to different MV/MV substations
are removed, resulting in fully radial systems. The splitting
led to substation congestion and nodal voltages below the
limit in more than half of the subnetworks for the time step
with the highest load using the load data given in the original
data. As these subnetworks are not suitable for our analysis,
we disregard them. A comparison of the main characteristics
of the remaining subnetworks shows that most MV networks
are similar in their size, number of connected consumers, and
power flow results (see Fig. 1, top and Fig. 2).
The network is adapted to a Northeast US network by

replacing the load and generation profiles of all buildingswith
data of the Swampscott area, MA, USA with a resolution
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FIGURE 1. Topology characteristics of all MV subnetworks in the data set
and the network chosen for the analysis (black dots).

FIGURE 2. Power flow characteristics of MV-networks at time step of
highest load. Comparison of original load data with ResStock [11] and
ComStock [10] adapted networks.

of 15min. The residential and commercial load profiles are
taken from the ResStock [11] and ComStock [10] building
database. The rooftop PV generation profiles are taken
from [27], indicating different orientations of the roof, i. e.,
east, west, and south. The effect of HPs on the load profile is
determined by converting the space heating demand, which is
given in the ResStock database, to an electricity consumption
based on a HPs temperature-dependent coefficient of perfor-
mance.

The different ResStock and ComStock buildings and their
load types are distributed in the network based on their peak
power demand, assigning loads to nodes which have a similar
peak demand in the original network data set. Comparing the

TABLE 1. PV and HP adoption scenarios.

power flow results of the time step with the highest load leads
to similar results between the original and adapted load data
(see Fig. 2).

The GS is derived from CIGRE MV-EPS [28] and
KERBER LV networks [29]. The CIGRE MV-EPS is also
used by [30] to derive a synthetic GS. The network is adapted
to reach a higher degree ofmeshes based on [31], representing
a realistic GS.

Based on the identified buildings and their type of heating
supply (i. e., gas, oil, or electricity), the connection rate
between the EPS and GS is derived (see Fig. 1, bottom).
Due to the size of the synthetic gas network, no more
than 1850 consumers can be connected to the GS. With
this restriction, the chosen EPS contains 1661 residential
and 191 commercial loads. The network features a radial
topology with four feeders, a nominal voltage of 12.47 kV,
an overall line length of 38.4 km and is supplied via a
MV/MV transformer with a rating of 16MVA. Although the
network has a comparable small number of loads and overall
length of the network (see black dots in Fig. 1), the network
represents an average MV network based on the power flow
results (see Fig. 2).
In contrast, the GS has two pressure levels of 13 bar and

0.35 bar and two pressure regulators. The line length reaches
approx. 64 km. Based on the building types and the EPS, the
GS has 1488 consumers, which results in a connection rate
between the EPS and GS of approx. 80%.

The EPS and GS are connected based on their topology,
assuming that lines and pipelines lie mostly in parallel.
However, the gas supply node and the transformer are placed
at different locations. While the gas supply node is located at
the outskirts of the network, the substation is located close to
the center of the network.

B. SCENARIOS
We investigate the impact of HPs and PV systems and the
potential and need for coupling the EPS andGS at distribution
level based on three PV and HP adoption scenarios each (see
Table 1). These scenarios are combined to investigate the
effect of a simultaneous PV and HP adoption. We only apply
these scenarios to the residential buildings in the network.
The commercial buildings do not change.

The HPs are distributed in the network based on two
factors. First buildings which use oil will install a HP then
buildings relying on gas. Second, wealthier households will
adopt first. To identify wealthier households we assume
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that the more energy they consume, the wealthier they are.
However, the installation of a HP does not necessarily mean
that the oil or gas boiler is replaced. We assume that the HP is
only used for heating purposes, while many buildings rely on
oil or gas for hot water or cooking. These, however, are not
switched to electricity in our analysis.

The PV systems are distributed based on the annual
electricity demand. Buildings with a high demand will adopt
first, again assuming that wealthier households are prone to
be early adopters. The size of the PV system depends on the
roof area given in ResStock. As ResStock does not give the
orientation of the roof, we assume that on average 40% of
the available roof area can be used for PV systems. With
this we account for roofs facing north and that PV panels are
installed with a certain distance to the edge of the roof. Based
on the available roof area of each building and a nominal
power of 300W per 1.6m2 of PV panel area, we derive
the nominal power of the PV system. The orientation of the
roof is assigned randomly, choosing between an east, west,
and south orientation. Based on the orientation, the nominal
power ismultipliedwith the PV generation profiles from [27],
resulting in a varying PV generation over the year.

C. EFFECT ON THE EPS
In the base case (no HP and no PV adoption) the substation
utilization varies mostly between 10% and 20% with a few
peaks in the summer due to air condition units, which are
mostly below 40% (see Fig. 3, top left). The network is
solely importing electricity from the higher voltage levels.
With an increasing HP adoption the substation utilization
increases slightly (see Fig. 4). In particular during winter
the load increases because of the heating demand (see
Fig. 3 and 3, left column). In contrast, if only PV systems are
introduced into the system, the network starts to export energy
throughout the year during the midday periods (negative
values in Fig. 3, top row). Moreover, the substation utilization
increases to up to 60% in the summer and we see a stronger
variation than in the base case due to the volatility of the PV
generation. The analysis shows that the substation utilization
changes much stronger in PV adoption scenarios than in
HP adoption scenarios. This is because the adoption rate
for HPs is much lower that for PV systems, resulting in
strongly differing installed power (approx. 2.7 MW of HPs
in the 40% scenario to approx. 36.2 MW PV in the 65%
scenario). The high installed PV power is a result of our
assumptions (i. e., available roof area and optimal installation
angle) and might be lower in reality. If HPs and PVs are
adopted simultaneously the substation utilization is reduced
slightly by 2 to 3% in the winter months compared to the case
with only PV systems. The beneficial effect of HP and PV is
strongest in the transition periods when HPs are still used and
PV generates enough electricity. Our results show that even
in high HP and PV adoption scenarios no issues occur on the
substation. As we use a network that represents an average
US distribution network similar results can be expected for
most US MV-level distribution systems.

FIGURE 3. Substation utilization during different load and generation
scenarios for one year in hourly resolution. A negative utilization
indicates an export of energy to the higher voltage level network.

FIGURE 4. Difference of absolute substation utilization compared to the
base case (0 % HP, 0 % PV) during different load and generation scenarios
for one year in hourly resolution. A negative difference indicates a higher
substation utilization in the base case.

Similar to the substation utilization there are no
limit violations on lines and nodal voltages in every
scenario. However, in six scenarios the utilization of
a few lines exceeds 80%, i. e., HP: 0% PV: 13%,
HP: 0% PV: 65%, HP: 19% PV: 13%, HP: 19% PV: 65%,
HP: 40% PV: 13%, HP: 40% PV: 65%. The most
occurrences happen in scenario HP: 0% PV: 65% with
464 hours in which lines are utilized more than 80% of
their rated power. Generally, the issues occur in the high PV
scenarios during the midday period in spring and summer
when PV generation is the highest and load is generally small.
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The high utilization occurs on all feeders and on lines which
are close to the substation.

A limit violation, however, only takes place when the PV
adoption would reach a level of close to 100%, meaning
that all the roof area is used for PV systems and no margins
between the PV panel and edge of the roof are assumed.
However, such an adoption is unrealistic as not the entire
roof area is suitable for PV systems and a PV system is not
economical viable for all buildings.

As we have used a network that represents the average
US MV-level distribution system, we conclude that generally
no limit violations or congestion happen even for the most
optimistic scenarios in terms of HP and PV adoption. Hence,
a coupling between the GS and EPS is not needed to support
a safe network operation.

D. HYDROGEN INJECTION
In the following, we analyze the potential and effect of three
cases for injecting hydrogen into theGS. In the first two cases,
a single ELZ is operated so that a constant hydrogen share of
10% or 20% is reached in the GS throughout the year. The
ELZ operates in a gas-led mode as its operation is determined
based on the gas demand. The limits correspond to today’s
hydrogen limits in the GS and plans of utilities in the US [15].
To maximize the hydrogen injection, the ELZ is placed at the
gas supply node of the gas distribution system as here the gas
flow is at the highest. In the EPS, the ELZ is connected to a
node which is the closest to the gas supply node and which
can cope with the additional load.

In the third case, we investigate the potential of injecting
hydrogen to reduce peaks during high line utilization, limiting
the line utilization to 80%. As limit violations can occur on
multiple locations, multiple ELZs are used in this case. The
ELZs operate in a power-led mode as their operation depends
on the system state of the EPS. The exact location of the
ELZs is determined so that they have the largest impact in
the EPS. In the investigated network, the line utilization on
three feeders exceeds 80% in a few hours per year. Hence,
three power-led ELZs (i.e., ELZ 1, ELZ 2, ELZ 3) are placed
close to the first line in each feeder where a line utilization
of over 80% occurs. Due to the network topology, the ELZs
are connected to the low pressure network of the GS close
to the gas consumers. The ELZs reduce the line utilization
during the hours when the PV generation exceeds the load
and the line utilization reaches a level of more than 80%. The
nominal power of the ELZs in the different use cases is shown
in Table 2.

In the case of a constant hydrogen injection the potential of
the ELZ is higher during thewinter season because of a higher
gas demand. The potential reduces with a higher HP adoption
as less gas is used. However, the potential only reduces for
a HP adoption rate of 40% as in the 19% scenario mostly
buildings that used oil for heating adopt HPs. Thus, there is
no effect on the gas demand in the 19% scenario.

The ELZ increases the network load between 5 and 10%
with peaks of up to 15% in winter and 3% in summer if no

TABLE 2. Nominal power of electrolyzers in kW for different load and
generation scenarios as well as hydrogen limits.

HPs are introduced. With higher HP scenarios the impact of
the ELZ gets smaller as its nominal power is reduced (see
Table 2) and the overall network consumption increases due
to the utilization of HPs.

In the case of a constant 10% hydrogen level, the ELZ
increases the line utilization of the feeder it is connected to
between 6 and 7% during winter and approx. 2% in summer.
The effect on the lines is higher during a small HP adoption
due to the smaller electric load. In high PV scenarios the
ELZ has a relieving effect on the line utilization, reducing
the utilization by approx. 2% during PV peaks. The effect on
the substation is minimal. The ELZ increases the substation
utilization by about 1% to 1.5% during winter and 0.5% in
summer. Again the effect is smaller in the high HP and PV
scenarios.

The results in the case of a 20% hydrogen level are similar
only the numbers generally double compared to the 10%
hydrogen case due to the larger ELZ power.

If the ELZs are used to limit the line utilization to 80%
the ELZs are only needed in the high PV adoption scenarios.
Nevertheless, they operate in less than 0.8% of the hours
in a year (see Table 3). The ELZs only need to operate in
one to two hours per day during noon depending on the
scenario (see blue markers in Fig. 5). The number of hours
increases during the summer months and decreases during
winter. Although the operation times increase with higher PV
utilization, an ELZ operation solely to reduce the impact on
lines in the EPS is not economic.

Comparing the neededwith the potential ELZ power shows
that the needed ELZ power is more than 100 times higher than
the potential of the GS (see Fig. 5). Here, the needed ELZ
power is the power needed to reduce the line utilization in the
EPS to 80% while the potential is determined by a hydrogen
level of 20% at the injection node in the GS.

Even with higher hydrogen levels, the potential would not
be sufficient due to the small gas flows at the time steps when
the limit violations in the EPS occur, i. e., at midday during
spring and summer. Hence, using ELZs to reduce the line
utilization in the EPS and injecting the produced hydrogen
into the GS distribution system is not viable.
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FIGURE 5. Comparison of needed (blue dots, left y-axis) and potential (gray lines, right axis) ELZ power for different load and
generation scenarios. The gray lines show how much electric energy the ELZs can maximally convert into hydrogen and inject into
the GS without exceeding a hydrogen share of 20 vol.-% in the GS during every hour. The potential of injecting hydrogen depends
to the HP adoption rate due to a changing gas consumption. The blue dots show how much electric energy the ELZs would need to
convert to limit the line utilization in the EPS to 80 %. The ELZs are mostly switched-off and only operate in the hours which are
shown by blue markers. Note the different axis scaling for the needed and potential ELZ power.

TABLE 3. Number of operating hours per ELZ to reduce overloading of
80 % on lines in EPS.

E. DISCUSSION
Our results show that on average US distribution systems
are oversized. Hence, in contrast to Europe, a higher share
of HPs and rooftop PV systems may be introduced without
risking congestion. Combining HPs and rooftop PV systems
also reduces the impact on the network, reducing generation
and consumption peaks. In general and on average, even
very optimistic scenarios of HP and PV penetration would
not negatively affect the majority of distribution systems in
Northeast US.

The potential and impact of hydrogen blending depend on
the operation strategy: gas-led or power-led. In the former,
the ELZ produces at constant rate to blend hydrogen up
to 10 vol.-% and 20 vol.-% into the gas distribution system;
while in the latter, the ELZ only produces when locally
generated renewable is to be curtailed due to congestion in
the EPS.

A gas-led operation mode would allow reducing CO2
emissions in buildings in which back-up gas boilers are

still needed and thus are more difficult to decarbonize. For
example in areaswhereHP performance reduces dramatically
due to very cold winter conditions or in badly insulated
buildings. For example, [8] estimates that full decarboniza-
tion is economically very expensive and it is rational to
maintain fossil fuel around 1 – 3% of heating energy,
as backup boilers or furnaces to work during extremely
cold days. However, 20% blending only decreases CO2
emissions by about only 7% [14], and it is not clear to
be technically feasible as it would still involve meaningful
interventions in the GS, such as substituting valves and steel
joints, coating or replacing iron-based distribution pipelines,
and implementing additional domestic safety measures (e. g.,
avoiding flash back in burners). A power-led operation mode,
on the other hand, is not able to reduce network congestion.
Moreover, it is not economic as congestion occur in less than
1% of the hours in a year.

The potential of combining a gas-led and power-led mode
to produce hydrogen at distribution level for residential
heating is also economically not reasonable. Producing
hydrogen through electrolysis is expected to decrease until
2050 from $ 8.87/kg to $ 5.77/kg when using electricity from
the main grid, as in our gas-led ELZ scenario, while the
hydrogen production cost would decrease from $ 11.02/kg
to $ 5.92/kg when using curtailed (free) electricity, as in
our power-led ELZ scenario [36]. Both estimations are still
higher than the current cost of producing hydrogen through
steam methane reforming at about $ 1.5/kg [37], and whose
cost is mainly driven by natural gas prices. This means
that hydrogen produced from renewable energies is not
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expected to be cost competitive for residential heating against
natural gas any time soon. Even less at distribution level and
when green hydrogen would be fed by curtailed electricity
from distributed renewable resources only leading to an
extremely low utilization rate. Moreover, the hydrogen could
be used more efficiently for other application, e.g., in the
chemical industry, having a greater impact on the overall
CO2-emissions across sectors.

IV. CONCLUSION
Reaching net zero goals demands decisive actions to
decarbonize energy uses. A focus is set on the building
sector with its approximately 10% share of global CO2
emissions. Although technologies such as HPs and hydrogen
are available to enable a bottom-up decarbonization, further
research is needed on their technical impact on distribution
networks, particularly, in the US, and their economics.
Therefore, we analyze the impact of HPs, rooftop PV
systems, and hydrogen blending in an averageUS distribution
network under cold humid climate conditions, such as
Northeast US.

The first conclusion of this study is that distribution feeders
are expected to cope with an increasing number of HPs and
rooftop PV systems. Even the most promising scenarios of
HP penetration by 2050, 40%, and using all available roof
area for PV, 26%, show a limited impact on voltage limit
violations and congestion. We reckon that this conclusion is
inferred from a single distribution feeder that is, nevertheless,
an average representative of many.

The second conclusion is that blending hydrogen into
natural gas may not be rational. First, the reduction in CO2 is
small, 7%, in comparison to the adaptation effort of natural-
gas-oriented pieces and devices. Second, producing hydrogen
in ELZs is still expensive and will continue to be more costly
than natural gas. To reduce operational cost, ELZs could
use curtail (free) electricity while alleviating voltage limit
violations and congestion during high PV penetration. On the
one hand, such violations only occur in less than 1% of the
hours in a year in an average US distribution system. Thus,
the cost reduction effect is too small. On the other hand, the
potential to reduce congestion is very small in distribution
systems due to small gas flows and hydrogen share limits.

While we have conducted the analysis for a single US
distribution system, we contribute amethodological approach
for further study of, mainly, more distribution feeders with
different configurations in terms of residential/commercial
loads, initial utilization level of the substation, and climate
conditions. In addition, more ambitious levels of HP pene-
tration are more plausible if federal and state acts and bills
pursue an acceleration of achieving net zero goals.
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