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National energy models provide decarbonization strategies. Most national energy

models focus on costs and greenhouse gas emissions only. However, this focus

carries the risk that burdens shift to other environmental impacts. Energy models have

therefore been extended by life-cycle assessment (LCA). Furthermore, deep

decarbonization is only possible by targeting all high-emission sectors. Thus, we

present a holistic national energy model that includes high-emission sectors and

LCA. The model provides detailed environmental impacts for electricity, heat, and

transport processes in Germany for meeting the climate targets up to 2050. Our results

show that renewable energies and storage are key technologies for decarbonized

energy systems. Furthermore, sector coupling is crucial and doubles electricity

demand. Our LCA shows that environmental impacts shift from operation to

infrastructure highlighting the importance of an impact assessment over the full life

cycle. Decarbonization leads to many environmental cobenefits; however, it also

increases freshwater ecotoxicity and depletion of metal and mineral resources.

Thus, holistic planning of decarbonization strategies should also consider other

environmental impacts.
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HIGHLIGHTS

• Sector-coupled national energy system integrating life-cycle assessment.
• Transition path in Germany until 2050 for a greenhouse gas reduction target of 85%.
• Renewable energies, storage, and sector-coupling are the key for a low-carbon economy.
• There are many cobenefits of decarbonization, but 5 out of 16 impacts increase.
• Considering solely greenhouse gas emissions shifts burden to other impacts.
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1 INTRODUCTION

Climate change mitigation in line with the 1.5°C goal requires a
massive reduction of greenhouse gas (GHG) emissions (IPCC,
2018). Until now, reduction measures mainly focus on the
electricity sector through the integration of low-carbon
technologies. However, electricity production accounts only for
approximately 40% of GHG emissions in the G20 countries
(Olivier et al., 2017), 25% in EU-28 (Eurostat, 2018), and 38%
in Germany (Federal Ministry for the Environment, 2018). Thus,
GHG emissions can only be massively reduced by also targeting
other high-emission sectors, such as heating and transportation
(Ruhnau et al., 2019).

In low-carbon energy systems, the sectors electricity, heat, and
transportation are interconnected via electricity. This sector
coupling makes the development of a decarbonization strategy
challenging (DeCarolis et al., 2017). To capture this challenge,
decarbonization strategies can be developed based on national
energy system models (Mirakyan and de Guio, 2015).

Decarbonization strategies created with national energy
system models envision a vast expansion of low-carbon
technologies. Although these low-carbon technologies perform
well regarding direct GHG emissions, they lead to indirect GHG
emissions due to construction (McDowall et al., 2018) and might
induce other environmental impacts, such as ecotoxicity and
resource depletion (Rauner and Budzinski, 2017; Algunaibet and
Guillén-Gosálbez, 2019). Thus, employing low-carbon
technologies for GHG reductions may shift burden to other
environmental impacts (Algunaibet and Guillén-Gosálbez,
2019). As GHG emissions reduce, these other environmental
impacts gain more importance (Rauner and Budzinski, 2017).

To consider other environmental impacts, energy system
models have recently been extended by life-cycle assessments
(LCAs) (Ringkjøb et al., 2018). For example, Turconi et al. (2014)
investigated the environmental impacts of the Danish electricity
sector for different scenarios of heat and power cogeneration and
biomass. Kouloumpis et al. (2015) assessed environmental
impacts for 16 scenarios for the United Kingdom electricity
sector up to 2070. Berrill et al. (2016) presented an LCA of 44
European electricity scenarios, from conventional energy systems
using carbon capture and storage and systems based mostly on
renewable generation. García-Gusano et al. (2016) calculated
environmental impacts of a business-as-usual scenario for the
electricity sector of Norway up to 2050. Rauner and Budzinski
(2017) used a multiobjective optimization to include
environmental impacts in an expansion problem of the
German electricity system. Algunaibet and Guillén-Gosálbez
(2019) used a multiobjective optimization to quantify the
burden-shifting potential of GHG emission reductions of the
electricity system of the United States.

These energy systemmodels provide a comprehensive view on
environmental impacts by including LCA, but they focus on the
electricity sector only. Thus, cross-sectoral interconnectivity is
neglected.

Volkart et al. (2017) combined a cross-sectoral energy system
model with LCA to evaluate three scenarios for the Swiss energy
transition. The used energy system model, however, considers no

spatial resolution, i.e., no electricity grid, and only low time-
resolution with six time steps. Recently, Blanco et al. (2020)
performed ex-post LCA of the JRC-EU-TIMES model, including
multiple sectors; however, the LCA is not part of the
optimization. Also worth mentioning is the work of (Gençer
et al., 2020), in which they developed the SESAME-tool to
evaluate and compare energy transition pathways; however,
SESAME does not include optimization. In the work of Li
et al. (2020), they developed a new modeling approach to
optimize the carbon loop of biomass and carbon capture and
storage for the carbon neutrality of Switzerland in 2050. However,
Li et al. (2020) focus on climate change and do not include an
holistic LCA.

Lopion et al. (2018) reviewed energy system models and
concluded that four elements are required to provide holistic
insight for national GHG reduction strategies: 1) cross-sectoral
technologies (Pregger et al., 2013; Lopion et al., 2018); 2) high
temporal resolution (Lopion et al., 2018; Mallapragada et al.,
2018; Victoria et al., 2019); 3) high spatial resolution (Haller et al.,
2012; Lopion et al., 2018; Victoria et al., 2019); and 4) evaluating
environmental impacts holistically, for which LCA is best suited
(Lopion et al., 2018; Ringkjøb et al., 2018). Most energy models
reviewed by Lopion et al. (2018) aim only for cost-optimal GHG
reduction strategies but do not consider other environmental
impacts (Spittler et al., 2019), e.g., REMIX (Gils et al., 2017),
TIMES (Loulou et al., 2016), and OSeMOSYS (Howells et al.,
2011).

A model is required that includes all four elements to derive
optimal pathways to reduce GHG emissions while considering
other environmental impacts.

In Section 2, we propose the sector-coupled energy system
model SecMOD to optimize the transition of a national energy
system providing all four required elements: cross-sectoral
technologies, high spatial and temporal resolution, and holistic
environmental assessment by LCA. The model includes the
sectors with most GHG emissions (Federal Ministry for the
Environment, 2018): electricity, heat, and private transportation.

We compute environmental impacts for electricity, heat, and
private transportation for the optimal, sector-coupled energy
transition in Germany for the period 2020–2050 for the
German GHG reduction goal of 85% until 2050 compared to
1990, Section 3. We show that considering cross-sectoral
interconnectivity increases burden shifting significantly
compared to previous studies examining only the electricity
sector (Turconi et al., 2014; Rauner and Budzinski, 2017). The
computed environmental impacts provide comprehensive life
cycle inventories (LCIs) for electricity, heat, and
transportation. In Section 4, we summarize and conclude.

2 METHODOLOGY OF SECMOD

The sector-coupled energy system model (SecMOD), established
in this article, calculates the cost-optimal transition of a national
energy system under GHG constraints. For a holistic evaluation
of resulting energy systems, SecMOD incorporates LCA using the
categories of the Environmental Footprint 2.0 life-cycle impact
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assessment (LCIA) (Castellani et al., 2018). Here, we parameterize
SecMOD for the German energy transition from 2016 until 2050.

In Section 2.1, we give a concise overview of SecMOD. In
Section 2.2, we present the LCA integrated into SecMOD. The
detailed model formulation is given in Supplementary Material.

2.1 Modeling of the Sector-Coupled Energy
System
SecMOD computes a transition path toward a low-carbon energy
system by an economic optimization satisfying GHG-reduction
targets. SecMOD is formulated as a linear programming (LP)
problem in GAMS (GAMS, 2016) and solved with CPLEX
12.9.0.0 (IBM, 2016).

In SecMOD, the energy system is locally resolved by nodes. At
each node and time step, demands need to be fulfilled. In the
current version of SecMOD, the demands are electricity,
centralized and decentralized heating on four temperature
levels (domestic heating, and industrial heat below 100°C,
between 100–400°C, and above 400°C), and private short- and
long-distant transportation. The electricity demand is based on
Egerer (2016); the heating demand is based for households on
Federal Statistical Office (2015) and industry on Öko-Institut and
Fraunhofer ISI (2015); the demand for private transportation is
taken from Federal Motor Transport Authority (2017). We
assume constant demands for electricity and heating, besides
sector-coupling technologies. The heating demand can be
reduced by thermal insulation. For the transportation demand,
we assume a slight increase till 2030 and then a constant demand.
The detailed demand structure is given in Supplementary
Material.

2.1.1 Technology and Model Overview
To fulfill the demands, SecMOD can choose between various
technologies (sector-coupling technologies are highlighted in
bold-italic). For private transportation, SecMOD includes the
following vehicle technologies:

• diesel (and synthetic diesel), gasoline, natural gas (and
synthetic methane), battery electric, plug-in hybrids, and
fuel cells.

For centralized and decentralized heating, SecMOD includes
the following technologies:

• domestic thermal insulation, electrode boilers, gas boilers,
oil boilers, heat pumps, and heat cogeneration from power
plants.

For electricity demand, SecMOD includes the following
technologies:

• biomass plants, combined-cycle power plants, coal plants,
gas plants, geothermal generation, H2-electrolysis with H2-
fuel cell, lignite plants, lithium-ion batteries, nuclear plants,
oil plants, power-to-methane, power-to-diesel, pumped-
hydro-storage plants, run-of-river power plants,

photovoltaics, transmission grids, waste incineration
plants, and wind (onshore and offshore).

The primary data source for technology parameters, such as
costs, is German Energy Agency (2018); all data sources are given
in Supplementary Material. Climate change itself can affect the
performance of technologies in a positive or negative manner
(Cronin et al., 2018). This effect is not reflected in our model. For
our model scope in central Europe, the review of Cronin et al.
(2018) suggests that the impact of climate change should be the
strongest for bioenergy, which, however, is not expandable in our
model. For investment costs and efficiencies, projections of future
development are implemented, to model cost degression for
specific technologies; see Supplementary Material. Time series
for renewable generation and conventional availability are taken
from Egerer (2016). The potential for renewable generation,
capacities for onshore wind, offshore wind, and roof-top
photovoltaics is regionally limited. Regional limits are included
for onshore wind energy with values based on McKenna et al.
(2015), for offshore wind on Gerhardt et al. (2015), and for
photovoltaics on Mainzer et al. (2014). The limits are based on
available area for each municipality considering political
restrictions. The resulting overall limits are 698 GWon onshore
wind, 36 GWof offshore wind, and 235 GWpv PV. The overall
limits are stated as maximal installed nominal capacity.

The power sector includes the high-voltage transmission grid
based on ELMOD-DE from 2012 (Egerer, 2016) and is updated to
2016. The German transmission grid is modeled by 416 nodes
and 661 power lines. Following ELMOD-DE, SecMOD represents
network flows with the DC-load-flow approximation by Overbye
et al. (2004), which linearizes the AC-power flow. For this study,
we spatially aggregate the nodes to 18 regions proposed by the
German Energy Agency, Dena Grid Study II (2010). For grid
expansion, power lines can be upgraded to a higher voltage level
or new power lines can be installed in parallel.

As objective, we minimize the total annualized costs assuming
a discount rate of 5% as in the JRC-EU-TIMES model (Simoes
et al., 2013). Investment costs in technologies are annualized over
their economic lifetime also with an interest rate of 5%; see
Supplementary Material. The economic objective is minimized
being subject to GHG reductions taken from Federal Ministry for
the Environment (2018). Besides climate impact, 15 further
environmental impacts are assessed, but not constrained.

System boundaries include German sectors for power, heating,
and private vehicles which account for 77% (690 Mt CO2-eq) of
the total GHG emissions in 2016. Therefore, we scale the GHG-
reduction targets by 77%. Thus, GHG emissions are reduced by
85% compared to 1990 (966 Mt CO2-eq) until absolute emissions
reach 144 Mt CO2-eq in 2050.

For GHG-reduction targets, we consider operational climate
impacts; see Section 2.2. The operational climate impacts
comprise direct CO2-eq emissions from flue-gas stacks and
exhausts. In addition, we include indirect upstream emissions
from fuel supply, e.g., mining of energy carriers. Current policies
for emission reductions only target direct emissions. However,
both direct and indirect emissions need to be constrained to cover
the entire climate impact of operation (Lopion et al., 2018). Thus,
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our emission targets are more ambitious than current policies as
we incorporate the whole operational impact by life-cycle
thinking.

2.1.2 Transition Path via a Rolling Horizon Approach
To calculate the transition path till 2050, SecMOD is modeled as a
multiperiod problem considering eight consecutive investment
periods with a horizon of five years each, in line with state-of-the-
art energy system models (Lopion et al., 2018).

In general, transition paths can be optimized either with
perfect or myopic foresight (Heuberger et al., 2018; Lopion
et al., 2018). Next, we discuss our approach to optimize the
transition path. Perfect foresight solves the whole optimization
problem at once with complete information on all future
parameters, whereas myopic foresight solves the investment
periods sequentially with only current information on
parameters (Ringkjøb et al., 2018). Perfect foresight leads to an
optimal transition path; however, it is computationally
demanding and does not capture reality, where future
parameters are uncertain. While myopic foresight reduces the
computation time, it leads only to a near-optimal transition path
(Heuberger et al., 2018). In SecMOD, we employ a rolling-
horizon strategy with myopic foresight as decomposition
method of the problem with perfect foresight (Grossmann,
2012). In the rolling-horizon strategy, the optimization is
carried out over a limited horizon which covers only few
investment periods. After each optimization, the variables of
the first investment period within the horizon are fixed, and
the next investment periods are recalculated with updated myopic
foresight. Here, we set the myopic foresight to 15 years.
Preliminary studies with SecMOD have shown that the
transition paths are almost the same with perfect foresight and
15 years of myopic foresight within the rolling-horizon strategy.
The rolling-horizon strategy is described in detail in
Supplementary Material.

2.1.3 Time Representation
Another challenge for energy system models is sufficient time
resolution to capture the volatile nature of renewable energies
(Mallapragada et al., 2018). SecMOD, therefore, employs hourly
time resolution. To reduce computational effort, the two-step
method from Bahl et al. (2018) is employed as the so-called
primal heuristic to calculate near-optimal feasible solutions. In
the first step, SecMOD solves a time-aggregated synthesis
optimization in each investment period of the rolling horizon
to expand the existing capacity. As aggregated time series,
SecMOD considers an adjustable number of typical periods
with typical time slices. Here, we choose to represent every
investment period by 10 typical periods with 12 typical time
steps each. In the second step, after each synthesis optimization,
the operation is optimized. The operational optimization is
conducted with the full hourly resolution and with capacities
fixed of the current investment period. The operational
optimization ensures that the energy system is feasible and
thus can fulfill the energy demand of the original time series.
If the operational optimization reveals that the energy system is
not feasible, additional power, heat, or transportation capacities

are added and the operational optimization is repeated. For
details, see Supplementary Material. Importantly, the
operational optimization is more accurate in terms of costs
and GHG emissions as the calculated operational costs and
GHG emissions from the time-aggregated synthesis
optimization in the first step. In summary, the two-step
optimization allows SecMOD to provide a feasible near-
optimal solution for the hourly resolved problem.

The model formulation in SecMOD corresponds to the state-
of-the-art in energy system models with its formulation as linear
programming, time- and spatial-resolution, optimization
horizon, and technology richness (Ringkjøb et al., 2018). To
holistically evaluate environmental impacts of the transition
path, SecMOD expands energy system modeling by LCA as
presented in the following.

2.2 Life-Cycle Assessment
LCA is a holistic methodology for the environmental assessment
of products and services, taking into account their entire life cycle
(JRC European Commission, 2010). The life cycle includes all
activities from cradle to grave: the extraction of raw materials,
transportation, production and product use, recycling, treatment,
and final disposal of waste. Through the life cycle, the activities
result in material and energy flows that are exchanged with the
environment. In LCA, the material and energy flows are collected
and interpreted regarding their environmental impacts.

The ISO 14040 (2006) and ISO 14044 (2006) defined and
standardized the LCA methodology. Next, we discuss the general
goal and scope definition for our study of low-carbon transition
pathways, including the definition of system boundaries,
functional unit, life-cycle inventory (LCI), and methods for
life-cycle impact assessment (LCIA).

2.2.1 Goal, System Boundaries, Functional Unit, and
Multifunctionality
Our LCA pursues two main goals: 1) to determine environmental
burden shifting caused by the German low-carbon transition path
and 2) to provide specific environmental impacts for the services
power, heat, and private transportation in 10-year steps according
to the German low-carbon transition path till 2050; see
Supplementary Material.

Based on the two goals of our study, the system boundary
includes all processes associated with the low-carbon transition
path of the German energy system. The considered German
energy system contains the sectors power, heating, and private
transportation, while international electricity trade is not
considered. Neglecting electricity trade reduces the burden for
modeling and computation but also impacts the results as
discussed in Section 3.3.

In LCA, services or products are compared based on a so-
called functional unit that quantifies the function of the
investigated product systems and serves as a basis for
comparison (ISO 14040, 2006; ISO 14044, 2006). The function
of the considered energy system is to provide the services power,
heat, and private transportation. To determine the environmental
impacts along the low-carbon transition path, we use the
functional units: power: 1 MWhpower, heat: 1 MWhheat, and
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private transportation: 1 vkm (vehicle kilometer), for the German
energy system.

The environmental impacts of the electricity used in the
heating and private transportation sector are accounted for the
electricity sector as well as to the heating or private transportation
sector, respectively. Synthetic natural gas can be used in the
power, heating, and private transport sectors. We assume that the
produced synthetic natural gas is fed into the natural gas grid.We,
therefore, allocate the environmental impact of synthetic natural
gas to individual sectors in proportion to the amount of used
natural gas.

In LCA, processes are often multifunctional producing more
than one product. Some of the existing conventional power plants
in SecMOD generate both electricity and heat (combined heat
and power). Multifunctionality is a well-known problem that can
be solved using established methods such as system expansion,
avoided burden and allocation of physical relationships or other
criteria such as mass, energy, or economic value (ISO 14040,
2006; JRC European Commission, 2011). Here, we assume heat as
waste and assign all environmental impacts to the electricity
generation. This choice does not affect the transition pathway and
has a minor impact on the distribution of the environmental
impacts on the heating and electricity sector. In general, the
contribution of heat from cogeneration is low for the considered
low-carbon transition path: 4 and 0.5% of the heating demand in
2016 and 2050, respectively.

2.2.2 Life-Cycle Inventory
The life-cycle inventory (LCI) contains all mass and energy
balances within the system boundaries required for the LCA.
SecMOD computes the flows between the units to fulfill the final
demand. For the considered technologies themselves (see Section
2.1), the LCI datasets are based on the LCI database ecoinvent
version 3.5 APOS (Wernet et al., 2016). We chose the ecoinvent
systemmodel APOS to consistently consider recyclable materials.
Recycling of materials is an important issue in energy system
design due to the extensive infrastructure. Recycling rates for all
metals are given in Supplementary Material. For all other
materials, we assume treatment and final waste disposal
documented in Supplementary Material with the LCI data.
The LCI data of novel technologies missing in ecoinvent are
modeled based on literature data with ecoinvent as background
system. The modeled LCI datasets are described in detail in
Supplementary Material.

In general, we distinguish between infrastructural and
operational LCI datasets. The operational LCI datasets
describe impacts resulting from the operation of a technology,
e.g., due to the consumption and combustion of fuels, and
auxiliaries for maintenance. The operational LCI datasets
quantify the environmental impact per functional unit:
MWhpower, MWhheat, and vkm. In contrast, the infrastructural
LCI datasets of a technology cover the construction and
subsequent dismantling, potential recycling, treatment, and
final disposal of waste. The infrastructure of the technology is
assessed based on the installed capacity in MW or the number of
vehicles. This distinction between infrastructure and operation
enables differentiating between environmental impacts that arise

on-site and those that occur (partly) outside of Germany.
Furthermore, the operational impacts are used to constrain the
German GHG emissions in SecMOD. The current reduction
targets are taken from the Federal Ministry for the
Environment (2018).

From the synthesis optimization, we determine the infrastructural
LCI datasets of existing and added capacity of each technology, for
each investment period. To distribute the environmental burdens over
the investment periods, the infrastructural LCI datasets are annualized
over the minimum of lifetime and 30 years; see Section 2.1. As in
Rauner and Budzinski (2017), we assume a discount rate of 0% for the
LCI datasets. A discount rate of 0% implies that future environmental
damage is equivalent to current damage.

The operational optimization calculates operational LCI
datasets of all technologies for each hour of operation within
the investment period. The infrastructural and operational LCI
datasets are subsequently classified into the sectors power, heat,
and private transportation based on the functional units.

An important issue for LCA in sector-coupled energy system
models is double counting (Lenzen, 2008). Double counting
occurs since LCI datasets contain energy-related
environmental impacts from production steps in Germany.
However, energy-related environmental impacts of the
German industry are already included within the national
energy model. As a result, such energy-related environmental
impacts would be double counted. For example, electricity needed
to manufacture German vehicles is considered as part of the
industrial demands. However, the same electricity is also part of
the LCI datasets of vehicles. In SecMOD, we solve the problem of
double counting by deleting impacts in the LCI, which we already
account for in the German energy system following the approach
of Volkart et al. (2018) and Reinert et al. (2021).

2.2.3 Life-Cycle Impact Assessment
LCI data provides the basis for the life-cycle impact assessment
(LCIA). In the LCIA phase, all mass and energy flows are
analyzed concerning the resulting environmental impacts. For
the low-carbon transition path, the main goal is the reduction of
GHG emissions, i.e., the climate impact. However, besides climate
impacts, the energy system leads also to other environmental
impacts. To identify potential environmental trade-offs and to
determine burden shifting, according to the first goal of our study,
we consider 15 additional environmental impacts, Table 1. We
assess the environmental impacts according to the LCIA-method
Environmental Footprint 2.0 recommended by the European
Commission’s Joint Research Center (Castellani et al., 2018).
Environmental Footprint 2.0 is the latest recommended method
by the European Commission implemented in the LCI database
ecoinvent. The recommended environmental impacts are
classified into three quality levels (JRC European Commission,
2011) and updated in Castellani et al. (2018) regarding
completeness, relevance, robustness, transparency, applicability,
acceptance, and suitability. The quality classification of each
environmental impact (Table 1) should be considered when
interpreting LCA results.

According to the second goal of our study, we determine the
specific environmental impacts of the energy services in the sector
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electricity, heating, and private transportation. For this purpose, we
also calculate the annualized infrastructural environmental impacts
due to installed capacities based on the LCIs from the synthesis
optimization. The operational optimization calculates the operational
environmental impacts on an hourly basis. Infrastructural and
operational environmental impacts are subsequently assigned to
the sectors power, heat, and private transportation.

Specific environmental impacts are achieved by dividing the
total impacts of each sector by the energy output of the
corresponding sector in MWhpower, MWhheat, and vkm.

3 TRANSITION PATHWAYOF THEGERMAN
ENERGY SYSTEM FROM SECMOD

In SecMOD, we optimize the transition pathway to a low-carbon
energy system. In Section 3.1, we present the complete low-
carbon transition pathway of the German energy system until

2050. The transition pathway results from an economic
optimization with constrained GHG emissions. In Section
3.2 we show the environmental impacts for the provided
energy services: electricity, heat, and transportation. The
transition pathway is optimal under the given model
assumptions that, however, represent only one possible
transition scenario among many possibilities. Key
assumptions are discussed in Section 3.3.

3.1 Energy-Transition Pathway
Emission reductions of 85% by 2050 are possible considering the
sector-coupled German energy system without international
electricity trade, Figure 1. In the first investment periods,
emissions are reduced in the power and especially in the heating
sector. The decarbonization of the transportation sector starts later in
the transition. In 2050, to achieve the 85% reduction target, the
transportation sector is almost carbon-neutral and GHG emissions
from both the heating and electricity sectors are reduced to
approximately one-third of the emissions in 2016.

Until 2050, the resulting energy system is proven to be feasible by
operational optimization with a time-resolution of 1 h. The total
annualized costs increase by a factor of three compared to current
costs (Figure 2). The costs increase mainly due to the demand for
storage capacity. Storage is necessary to cope with the volatile nature
of renewable generation. The required amount of storage needed is
high due to the considered high temporal and spatial resolution.
Storage demand is often underestimated in energy system models
which are not spatially resolved (Heuberger et al., 2020). In addition,
Victoria et al. (2019) showed that storage demand increases strongly
for reduction targets beyond 80%. For a decarbonized European
energy system in 2050, Child et al. (2018) predicted a cost-share of
storage of about 30%.

In the energy transition, energy services are provided by
different technologies since increasingly tighter emission
constraints from 2016 to 2050 require the change to low-
carbon technologies. First, we discuss the heating sector,
Section 3.1.1. We then regard private transportation,
Section 3.1.2. Finally, we describe the electricity sector that
becomes increasingly important in low-carbon energy systems,
Section 3.1.3.

TABLE 1 | Considered environmental impacts in SecMOD following the recommendation of the European Commission’s Joint Research Centre in the European context,
sorted by their quality level (JRC European Commission, 2011; Castellani et al., 2018).

Quality level Environmental impact

I: Recommended and satisfactory Climate impact (CI)
Ozone depletion (OD)
Particulate matter (PM)

II: Recommended, some improvements needed Acidification, terrestrial, and freshwater (Atfw)
Eutrophication, freshwater (Efw), terrestrial (Et), and marine (Em)
Ionizing radiation (IR)
Photochemical ozone formation (PCOF)

II/III Human toxicity, cancer (HTc), and non-cancer (HTnc)
Ecotoxicity, freshwater (ETfw)

III: Recommended, but to apply with caution Land use (LU)
Water scarcity (WS)
Resource depletion, energy (RDe), and mineral and metal (RDmm)

FIGURE 1 | Operational GHG emissions for the transition path
considering the 85% reduction target compared to 1990 (966 Mt CO2-eq). The
85%-Scenario is based on the targets of the German Federal Government of a
55% reduction by 2030, 70% by 2040, and 80–95% reduction by 2050.
We assume a linear reduction of emission limits. The emissions are assigned
to the power, heating, and private transportation sector.
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3.1.1 Heating Sector
The first measure to reduce GHG emissions in the heating sector
is to reduce heating demand by thermal insulation (Figure 3).
Thermal insulation is already known as a main measure of energy
transition in the heating sector (Ifeu, Fraunhofer IEE., and
Consentec, 2019). In SecMOD, investment rates for all
technologies are unlimited; i.e., no budget limit is given. Thus,
a rapid technology shift is possible for thermal insulation. Starting
from 2016, oil boilers are replaced by more efficient gas boilers.
Beginning 2025, heating is increasingly electrified. First, the
supply of domestic and industrial low-temperature heating is
electrified by heat pumps. Starting 2030, electrification of
industrial medium-temperature heating starts with electrode
boilers, but with slower deployment rates. In the year 2040,
all oil boilers are dismantled. In 2050, 75% of the heating

demand is directly electrified or reduced by thermal
insulation. In SecMOD, we assume that industrial, high-
temperature heat demand above 400°C cannot be directly
electrified. Still, starting 2035, the heating sector is further
indirectly electrified by synthetic natural gas; see Figure 5. In
summary, measures to decarbonize the heating sector are as
follows. First, low-temperature domestic heating demand is
reduced by thermal insulation. Second, heat supply is directly
electrified via heat-pumps and electric boilers. Third, high-
temperature heat supply is electrified indirectly by synthetic
natural gas.

3.1.2 Transportation Sector
Significant decarbonization of the private transportation sector
occurs late compared to the other sectors, Figure 4, due to higher
abatement costs. During the first investment periods, the ratio
between gasoline and diesel vehicles shifts toward more diesel
vehicles, as diesel has lower specific GHG emissions in operation
compared to gasoline vehicles. Until 2030, all gasoline vehicles are
replaced by diesel vehicles. Natural gas vehicles act as transition
technology, due to even lower specific GHG emissions in
operation at slightly higher costs. Starting in 2030, natural gas
vehicles provide increasing parts of the transportation demand.
Until 2040, about 85% of the demand is provided by natural gas
vehicles. Beginning in 2040, a large share of battery electric
vehicles (BEV) start to replace the remaining diesel vehicles
and already old natural gas vehicles, integrating more
renewable electricity directly in the transportation sector. Also
beginning from 2040, synthetic diesel is partly used in remaining
diesel vehicles. In 2050, about 80% of the transportation demand
is provided by battery electric vehicles, while about 15% of the
demand is still provided by natural gas vehicles. In SecMOD,
battery electric vehicles can only replace a certain share of
conventional technologies (45% in 2016 and 82% in 2050), as
long-distant transportation is limited due to battery capacities:
see Supplementary Material. In 2045, fuel cell vehicles also begin
to replace the remaining natural gas vehicles, as low-carbon, long-
distant transportation technology. To account for costs of
charging infrastructure, the deployment of fuel cell and battery
electric vehicles leads to a parallel investment in this
infrastructure; see Supplementary Material. For conventional
vehicles, cost of charging infrastructure is included within fuel
costs. In summary, decarbonization of the private transportation
sector starts later than the decarbonization of the heating sector
due to higher costs and employs a mix of technologies to cover
short- and long-distance transportation.

3.1.3 Electricity Sector
The decarbonization of both transportation and, in particular, heating
heavily depends on low-carbon electricity, Figure 5. SecMOD
computes that about one-third of the electricity is provided by
renewable generation in Germany in 2016, which is close to the
actual value of 32% from Fraunhofer ISE (Burger, 2017). To
decarbonize the electricity sector, almost all conventional power
plants continuously phase-out, except for gas-power plants. At the
same time, these conventional power plants are substituted by
renewable electricity production. Between 2025 and 2050, the

FIGURE 2 | Total annualized costs for the energy-transition path
reaching the 85% reduction target. Technologies are lumped for clarity of
presentation. Power-2-wheel includes battery electric vehicles, fuel cell
vehicles, and synthetic diesel.

FIGURE 3 | Provided heating demand in Germany during the energy
transition from 2016 to 2050. Thermal insulation reduces overall domestic
heating demand. Temperature levels of the heating demand as well as
centralized and decentralized heating demands are lumped for clarity of
presentation. Gas boilers can be fueled by (synthetic) natural gas.
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electricity demand almost doubles to 1,100 TWh (excluding storage
input and output).

Due to the high electricity demand caused by sector coupling
and distributed renewable generation, the grid capacity is almost
doubled. To cope with the volatile nature of renewable electricity
in 2050, about 720TWhel of electricity are stored and 620 TWhel
discharged. The increase in storage and grid capacity keeps the
amount of electricity curtailed low with 4% (47.6 TWhel) in 2050.

The storage periods are predominantly short and thus used to
shift wind and solar electricity within a day. For longer storage
periods and further decarbonization, synthetic natural gas is
produced starting 2035. An amount of 180TWhel is used to
produce synthetic natural gas in 2050. Thereby, in 2050, about
16% of the natural gas demand is satisfied by synthetic natural gas
produced using low-carbon electricity. In summary, decarbonization
of the electricity sector results in a significant increase in renewable
energy generation. The volatile renewable generation leads to an

increase in transmission and storage capacity. Sector coupling
increases the demand for electricity, in particular for heating and
synthetic natural gas. The findings are in line with previous studies,
e.g., Breyer et al. (2018). Next, we regard the expansion of renewable
electricity generation in detail.

To decarbonize the electricity sector, a rapid expansion of solar
power, onshore wind, and offshore wind is required, Figure 6.
First, regions with high full load hours per year for wind and solar
power are exploited. The capacities in these regions are, however,
limited; see the Supplementary Material. Thus, with the
increasing need for renewable electricity, regions with lower
full load hours are also employed. Therefore, overall full load
hours decline by about 35%, Figure 6. The capacity limits for
solar power and offshore wind are reached in 2040, for onshore
wind in 2045. Thus, the full capacity by renewable electricity
production is utilized. In 2045 and 2050, the same amount of low-
carbon electricity is produced. In 2050, the low-carbon electricity
is used more efficiently by direct electrification, however, with
higher investment costs. The decline in full load hours and the
high demand for short-term storage capacities are major
contributors to burden shifting, as discussed next.

3.2 LCA of the Energy-Transition Pathway
Here, we discuss the environmental impacts per functional unit:
MWhpower, MWhheat, and vehicle kilometer (vkm). The
environmental impacts of future years are shown using 2016
as reference. The total environmental impacts include the
operation and infrastructure of technologies, cf. Section 2.2.
In general, we observe a shift in the origin of environmental
impacts: in 2050, infrastructure contributes 41–98% to the
impacts in the electricity sector, 10–58% in the heating
sector, and 38–98% in the transportation sector,
Supplementary Material. Importantly, the GHG reduction
target of 85% in operational emissions corresponds only to a
total reduction of 70% if both operational and infrastructural
emissions are accounted for. This drastic trend from impacts
from operation to infrastructure shows that both politics and
energy system models must include LCA to assess
environmental impacts holistically over the full life cycle.

In the following, we first discuss environmental impacts from
each sector. Tables with the most important LCA results for
2016–2050 are given in Supplementary Material. In detail, we
provide tables with the following:

• specific environmental impacts per functional unit,
• technology-specific contributions to the environmental

impacts of the electricity sector in 2050,
• share of the infrastructural environmental impacts in each

sector, and
• share of the environmental impacts due to electricity used in

the heating and transportation sector.

The present analysis is based on static LCA for the background
processes. Thus, future improvements of technology and their
production are not reflected. Current work therefore aims at
integrating dynamic LCA in SecMOD to capture such changes in
the background system.

FIGURE 4 | Provided transportation service per vehicle type. Natural gas
vehicles can be fueled by (synthetic) natural gas.

FIGURE 5 | Produced electricity (positive) and consumed electricity in
cross-sectoral technologies (negative) in the German energy transition. Gas
includes gas turbines as well as combined cycle gas turbines. Power-2-wheel
includes battery electric vehicles, fuel cell vehicles, and synthetic diesel.
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3.2.1 Electricity Sector
In the electricity sector, the reduction of GHG emissions leads to
cobenefits; thus, other environmental impacts are reduced. In
2050, environmental impacts are reduced most for the depletion
of energy resources (RDe, 78%), eutrophication freshwater (Efw,
90%), and ionizing radiation (IR, 93%). In total, 11 of 16
environmental impacts are reduced by 10–92% within the
power sector in 2050, Figure 7. The fact that reductions of
GHG emissions lead to cobenefits is in line with other studies
and has recently been discussed in detail by Luderer et al. (2019).

However, the low-carbon transition of the electricity sector
results in significant increases in other environmental impacts in
2050: metal and minerals resource depletion RDmm increases by
520%, ecotoxicity fresh water ETfw by 30%, human toxicities HTc

andHTn−c by 45 and 20%, and land use LUby 80%. Environmental
impacts increase due to the expansion of stationary batteries and
low-carbon electricity generation technologies (see Section 3.1),
with a contribution 7–51% for batteries, 8–48% for wind, and
12–66% for photovoltaics; see Supplementary Material. All
environmental impacts that significantly increased are at quality
level II/III-III indicating high uncertainty. Thus, there is a need to
improve LCA and LCIAmethods to clarify the extent of increasing
environmental impacts.

3.2.2 Heating Sector
In the heating sector, six out of 16 environmental impacts are
lower than in 2016, whereas four stay nearly the same in 2050
(≤15%). With rising shares of heat pumps and electrode boilers,
the environmental impacts of heating are strongly determined by
the environmental impacts of the electricity system. In 2050,
environmental impacts in the heating sector are dominated by
electricity used with values of up to 90% in metal and minerals
resource depletion RDmm. Metal and minerals resource depletion
RDmm increases by 550% and land use LU by 490%. Furthermore,
freshwater eutrophication Efw increases by 185%.

3.2.3 Transportation Sector
Private transportation shows a slower transition than the
other sectors. The initial shift from gasoline to diesel vehicles
changes environmental impacts for 1 vkm of private
transportation by less than 50% by 2030, due to the
similarity of the fuel types. The shift from diesel to natural
gas vehicles after 2035 improves all environmental impacts.
However, starting 2040, the transportation sector shifts to
battery electric vehicles, small shares of synthetic diesel, and
fuel cell cars. Therefore, by 2050, we observe a decrease in
climate impact by about 45% and, however, also a significant
increase in freshwater eutrophication by 490% and in metal
and minerals resource depletion RDmm by 590%. Again, it is
important to consider the quality levels of increased
environmental impacts. The increase of metals and
minerals resource depletion and freshwater eutrophication
has low quality levels. Electricity used in the transportation
sector in 2050 has only minor effects on specific
environmental impacts (≤15%), as impacts are dominated
by infrastructure.

3.2.4 Effects of Sector-Coupling
Our results are in line with other studies which focused only on
the electricity sector. For the electricity sector in Denmark,
Turconi et al. (2014) showed a reduction of all environmental
impacts besides metal depletion (“Green Scenario 2030”). Metal
depletion worsens by about 50%. In our multisector investigation
of Germany, we also observe a reduction in all environmental
impacts in 2030 except metal and minerals depletion and land
use. Metal and minerals depletion increases by about 65% and
land use by 25%.

Until 2030, the sectors are not yet highly coupled, storage
capacities are still small, and renewable sites with low full load
hours have not yet been employed. Therefore, until 2030, studies
only investigating the electricity sector with low spatial and
temporal resolution lead to similar results as our study
considering multiple sectors and high resolution.

Also Rauner and Budzinski (2017) showed, in their most
environmentally friendly scenario for 2050, increases in the
same environmental impacts as in our study: metal depletion,
land occupation, and ecotoxicity. However, the authors found an
increase in metal depletion by merely 200%, whereas in our study
the increase is about 520%. The comparison shows that only
considering the electricity sector underestimates environmental
impacts due to an increasing electricity demand caused by sector-
coupling technologies, in particular after 2030 for the German
case study.

3.3 Discussion of the Results
All energy models attempt to represent reality. The larger and
more complex the energy systems under consideration are, the
more assumptions are needed. Besides, models that predict the
future require more far-reaching assumptions, e.g., the
development of efficiencies and costs. Here, we not only
investigate the complex German energy system, but also look
30 years into an uncertain future. Accordingly, our model is based
on many assumptions, which we carefully reviewed and
documented.

Here, we discuss the influence of the three most important
assumptions.

3.3.1 System Boundaries
SecMOD combines many features to model the German energy
system as accurate as possible, such as high spatial and temporal
resolution, and the most important sectors. This accurate
representation of time and space leads to large demand for
storage capacity, which is the main cost driver of the low-
carbon energy system, cf. Section 3.1. For the considered
sectors, we assume constant or rising demands. Behavioral
change might reduce these demands, which directly reduces
system costs and environmental impacts. In addition, further
sectors can influence the system costs and impacts, such as the
chemical industry as potential large consumer of renewable
energy and/or producer of fuel and storage provider.

In SecMOD, we consider the German energy system without
international electricity trade. However, we expect that
international electricity trade would reduce the storage
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demand and total annualized costs as suggested by Weitemeyer
et al. (2016), Child et al. (2018), Louis et al. (2020), and Breyer
et al. (2020). For example, Child et al. (2018) found that costs can
be reduced by about 10% for a highly integrated European
electricity system. Storage demand and total annualized costs
can further be slightly reduced by exploiting storage capacities of
battery electric vehicles (Weitemeyer et al., 2016; Victoria et al.,
2019).

Our modeled German energy system can only import
conventional fuels, i.e., natural gas, gasoline, and diesel.
However, in a low-carbon world, synthetic fuels are likely to
be produced abroad and transported to energy-importing
countries like Germany (Verkehrswende, 2018; Hank et al.,

2020). Synthetic fuels could enable the transition toward low-
carbon energy systems, still based on current infrastructure
without large changes (The Royal Society, 2019). Thereby,
synthetic fuels might reduce costs. Furthermore, synthetic fuels
could also reduce the environmental impacts such as NOx and
soot (Deutz et al., 2018).

In summary, we expect that international trade of electricity
would reduce costs. Further costs reductions could arise for
reducing demand by behavioral change, storage in BEVs, and
import of synthetic fuels. In addition, consideration of further
sectors might reduce costs due to synergies or impose further
costs and burden as added consumer.

3.3.2 Annualization
Technologies are usually annualized over their lifetime. We use
an interest rate of 5% for annualization. Both parameters, time of
annualization, and interest rate, are fixed over the entire
optimization horizon. These parameters have a high impact on
the total annualized costs and also on technology preference since
they define the balance between operation and investment cost.
However, the importance of operational costs declines in low-
carbon energy system. Thus, the right balance between operation
and investment costs becomes less important.

We also use annualized infrastructural impacts in the LCA.
Without annualized impacts, the impacts would show peaks in
the year of construction. However, these annualized impacts have
no effect on the transition pathway, but only on the
representation of results. Still, when interpreting results, we
must take into account that environmental impacts actually
occur in the year of construction.

3.3.3 Technology Parameters
80% of the total annualized costs in 2050 are due to the
investment costs of just five technologies: battery storage,
battery electric vehicles, natural gas vehicles, onshore wind,
and photovoltaics. Thus, cost predictions for these
technologies have significant impact on the total annualized costs.

To evaluate a potential cost range, we collected more
optimistic cost projections, Table 2. These cost projections
reduce the total annualized costs in 2050 by over 40% to
about 460 bn €/a (Table 2 and cf. Figure 2). Thereby the total
annualized costs increase only by a factor of 1.7, instead of 3,
compared to current costs. Thus, the economic development of
technologies has a large influence on the future costs.

The ecological development of technologies can have a similar
positive effect on our environmental results. For example, Cox et al.
(2018) showed that climate impact of future battery electric vehicles
might decrease by 75%, mainly due to cleaner resources. Our results
show the strong need for low-carbon technologies with reduced needs
for metal and minerals and less freshwater eutrophication. Hopefully,
technology development will reduce both costs and environmental
impacts.

All assumptions, and these three assumptions in particular,
have a significant influence on the quantitative results. We believe
that all our assumptions are well in line with the state-of-the-art
and, thus, reasonable. Still, we recognize the uncertainty and
focus our conclusion on underlying trends.

FIGURE 6 | Installed capacity of onshore wind, offshore wind, and solar
power, and full load hours per year for all investment periods.

FIGURE 7 | Operational and infrastructural environmental impacts for
1 MWhpower electricity, MWhheat heating, and for 1 vkm of private
transportation. The environmental impacts of 2016 are used as reference
(dotted black line: 2016 � 100%). For abbreviations and quality levels,
see Table 1. Electricity used in heating and transportation sector is accounted
for in these sectors.
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4 CONCLUSION

We propose the national energy system model SecMOD.
SecMOD considers the electricity sector, the domestic and
industrial heating sector, and the private transportation sector
in Germany. SecMOD optimizes the low-carbon transition of a
national energy system with high spatial and temporal resolution
and further includes LCA. SecMOD is parameterized for the
German energy system; however, we believe that key findings and
trends are valid for all energy systems in industrialized countries
under transition.

We show an optimized transition to achieve the German GHG
reduction goal of 85% until 2050 compared to 1990. To achieve the
GHG reduction, three elements are key: deployment of low-carbon
technologies, storage, and electrification of all sectors. The
electrification of all sectors doubles the electricity demand to
1,100 TWh/a. To cope with the volatile and distributed nature of
renewable energies, doubled electricity grid capacity and large storage
capacity are necessary. We show that the energy transition is feasible,
but the total cost increases by a factor of 3. However, these high costs
might be reduced significantly by international trade of electricity,
import of synthetic fuels, and technology development. Using
alternative learning curves reduces the increase already to a factor
of 1.7.

In future, operation contributes less to overall
environmental impacts, while infrastructural environmental
impacts are gaining more importance. This shift to
infrastructural impacts shows that energy system models
have to include LCA to assess environmental impacts
holistically and detect burden shifting.

We derive specific impacts for 1 MWhpower of power,
MWhheat heat, and 1 vkm of transportation, for the computed
energy transition satisfying the GHG-emission targets.

For the power sector, we observe many cobenefits of the
energy transition: 11 of 16 environmental impacts decrease.
However, some environmental impacts also increase: for
instance, the transition increases the depletion of metal and

minerals by a factor of 6, compared to 2016. The comparison
with other studies shows that considering only the electricity
sector underestimates the specific environmental impacts, also,
for the electricity sector. Thus, all sectors need to be considered,
even if only electricity supply is of interest.

In the heating and transportation sector, also only few impacts
increase with the largest increase for metals andminerals resource
depletion, freshwater eutrophication, and land use. These impacts
are critical for future technology development.

To avoid burden-shifting, national GHG-reduction strategies
should consider the mentioned environmental impacts rather
than focusing on climate change only. The observed increases
concern mainly impacts with high uncertainty. Further research
in LCA should improve LCIA methods to reduce uncertainty for
these important environmental impacts.
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