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lies in the long-term nature of these goals, which often conflict with shorter political cycles,
necessitating consistent political commitment to transform energy systems and secure public
support. Existing research frequently overlooks short-term impacts, focusing instead on long-term
effects. However, an analysis centered on the short term can uncover immediate challenges, such
as ensuring the security of energy supply, identifying potential bottlenecks and barriers that
might hinder the timely implementation of policy interventions, and highlighting immediate
benefits, such as job creation from renewable energy investments. These short-term consider-
ations are crucial for fostering public support and facilitating a timely transition toward a sus-
tainable energy future. This paper examines the short-term macroeconomic impacts of energy
system transformations by utilizing a dynamic disequilibrium Input-Output model linked to an
energy system optimization model. The results indicate potential dividends for both the envi-
ronment and the economy, along with enhanced energy security. The analysis underscores
important policy considerations, including potential crowding-out effects resulting from con-
strained labor markets and supply chains—elements that are often neglected but are crucial for
achieving timely energy security and policy objectives. Given the current economic climate,
influenced by the recovery from the COVID-19 pandemic and the ongoing Russo-Ukrainian war, it
is essential to take these potentially obstructive factors into account when planning and imple-
menting energy, economic, and environmental policies.

1. Introduction

Countries worldwide have acknowledged the significance of the climate crisis and have pledged to achieve net-zero carbon
emissions (IEA, 2023). Simultaneously, the ongoing Russo-Ukrainian war has intensified concerns about energy security, prompting a
more detailed consideration of these issues in the transformation of energy systems (Ullah et al., 2024). To successfully align energy
policies with energy security goals, a strong long-term commitment from various stakeholders is essential. However, a substantial
challenge in reaching these goals is their time frame, which often extends beyond the typical duration of conventional policies or
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election cycles. This issue poses difficulties for governments in enacting transformations without producing the immediate benefits
that their constituencies typically desire.

To address this, governments must adopt a forward-thinking and comprehensive approach to energy and climate policies, prior-
itizing long-term sustainability over short-term political gains, and ensuring consistent policy implementation across different ad-
ministrations (IEA, 2021). Many governments have achieved this by setting clear goals and milestones, with accountability
mechanisms in place to track progress and ensure that future administrations continue working towards net-zero carbon emis-
sions—and their related economic, energy (security), and environmental goals (IEA, 2023). Similarly, it is essential to maintain
ongoing public support and active participation to promote political commitment and facilitate a shift towards clean energy and
corresponding energy security goals. Yet, convincing the public to commit to long-term action can be a major challenge, as it often
requires offering short-term incentives (Mercure et al., 2021). A potential strategy to generate public support involves emphasizing the
creation of domestic benefits, such as job opportunities and economic growth, within the energy transition (Muttitt and Gass, 2023).
Such economic effects can be used to directly showcase to all relevant stakeholders the potential benefits of steering toward a more
sustainable path (Steg et al., 2015), thus potentially overcoming the "not in my backyard" attitude.

There is a wealth of research that aims to pinpoint such impacts. Much of this research explores the long-term economic and energy
security effects of achieving net-zero emissions (Hanna et al., 2024). However, near-term impacts and potential "quick wins"—as well
as potential trade-offs—are often neglected or not explicitly accounted for. Recognition of the importance of these short-term effects is
crucial, as they can help sustain support from both the public and private sectors, ultimately facilitating the pursuit of energy policy
and energy security goals. Moreover, an analysis focused on the short term can reveal immediate challenges, such as ensuring the
reliability of energy sources to maintain security of supply, identifying potential bottlenecks and barriers, and ensuring the timely
implementation of policy interventions.

Investing in renewable energy technologies, such as solar panels and wind turbines, can result in immediate improvements in
energy security (Wang et al., 2024). However, during periods of low generation, known as wind-solar droughts (or Dunkelflaute),
energy security can be compromised. Furthermore, these investments can stimulate local economies by creating jobs and supporting
local businesses (Godinho, 2022). It is important to emphasize that the magnitude of these economic effects will depend on the amount
of locally produced content in these technologies (Allan et al., 2020), and the balance between imported and domestically produced
goods can influence domestic energy security (Zhang et al., 2024). Moreover, it is crucial to evaluate the impacts of transitioning to
net-zero at the energy systems level rather than focusing solely on individual technologies (such as solar panels).' The transformation
of the energy system is, in turn, influenced by broader economic structures. For instance, economies are still recovering from the
COVID-19 pandemic and facing various challenges due to the ongoing Russo-Ukrainian war. Unfortunately, these real-world con-
straints and issues are not adequately reflected in current energy-economic models related to energy system transformation (Cazcarro
etal., 2022; McCollum et al., 2020). To truly understand the immediate short-term effects, it requires more than simply extrapolating
long-term impacts to the short term,; it necessitates models and frameworks that explicitly account for the short-term characteristics of
the economy (Pollitt, 2024).

This manuscript contributes to the existing literature by emphasizing the importance of understanding the short-term effects of the
energy system transition on domestic job creation across various labor market skill categories and its potential impact on economic
growth. It also explores "quick wins" and potential trade-offs. This manuscript also notes that the models frequently used in this field
often combine characteristics targeting different time frames. However, these characteristics are typically applied uniformly across all
simulation periods, failing to adequately consider the distinctive economic structures of the specific time horizons being studied. The
primary contribution of this manuscript is an empirical evaluation of the short-term macroeconomic impacts of transitioning the
energy system toward net-zero carbon emissions. This assessment considers potential economic constraints that could hinder the
achievement of energy policy and energy security objectives defined within the evaluated transition pathway. To identify these im-
pacts, this manuscript utilizes a dynamic disequilibrium Input-Output (I0) model (DEMACRO), which is soft-linked to an energy
system optimization model. This effectively connects detailed bottom-up and top-down approaches. The IO model is specifically
designed to analyze short-term effects and is tailored to identify the economic impacts resulting from energy transformation pathways.
It simulates the dynamics of various macroeconomic variables across different sectors of the economy by incorporating data derived
from an energy system optimization model. In this IO model, industry demand and production decisions are based on simple rules of
thumb rather than the optimization typically found in partial or general equilibrium frameworks, which are commonly employed in
the existing literature. The energy system transformation pathways assessed in this model shed light on several fundamental factors
that are currently of key policy importance. For instance, the analysis highlights the potential consequences of a constrained labor
market, which is a common issue in many economies today. This crucial factor is often overlooked in discussions about energy system
transformation, yet it represents a considerable and potentially persistent challenge that could impede the timely achievement of
energy security and broader energy policy goals.

As this manuscript serves as an initial investigation into the short-term effects of energy system transformation, certain simplifi-
cations were necessary, and it is important to outline these from the very beginning. The analysis is based on the capital and oper-
ational expenses of an average year within the initial five-year period of the energy system transformation, derived from an energy

1 Substitution effects, such as the gradual phase-out of coal in favor of renewables, could counterbalance potential gains. This concept also extends
to the transport sector’s shift toward electric cars within the broader energy system. The discussion in this paper does not consider studies that assess
the impacts of individual technologies, such as photovoltaic or wind power. Focusing solely on these individual technologies overlooks the broader
implications of energy system transformation, including technology transitions and the overall net effects.
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system optimization model. This model calculates these cost data in five-year increments up to 2045. While more detailed short-term
data would be preferable, this manuscript provides valuable initial insights into potential effects at the macroeconomic level. It is
worth noting that additional detailed data would impact quantitative effects rather than qualitative ones (this point is revisited in a
sensitivity analysis). Nonetheless, the uncertainty surrounding exact quantitative effects must be acknowledged. Therefore, this
manuscript highlights this data gap and stresses the need for more comprehensive data in this field. Additionally, although the
empirical analysis presented here focuses primarily on Germany, the qualitative findings can be extended to other countries and re-
gions striving for a similar energy system transformation toward net-zero carbon emissions.

The remaining part of the manuscript is structured as follows: Section 2 provides the theoretical background and literature,
emphasizing the importance of models with consistent short-term specifications. Section 3 describes the model and the underlying
data, while Section 4 explains the simulation approach. Section 5 outlines the results, and Section 6 presents the discussion and
conclusion.

2. Background

To facilitate the subsequent discussion on the different time horizons under consideration in economic analysis, the following basic
and simplified intuition is provided. It is important to note that these delineations are not absolute and can vary depending on various
factors. The short term refers to a relatively brief timeframe. During this period, it is commonly assumed that prices exhibit rigidity,
there are capacity constraints, and the supply of labor is inelastic (Carlin and Soskice, 2014; Layard et al., 2005). The medium term is
covered by a relatively longer period, typically spanning a year to a couple of years. During this time, both short-term factors and more
persistent changes in the economy can influence prices. Capacity constraints become less binding, and the labor supply becomes more
elastic. Finally, the long term encompasses several years or even decades. In the long run, price dynamics are primarily influenced by
macroeconomic factors, structural changes, technological advancements, and overall lasting developments on the supply side (Carlin
and Soskice, 2014; Layard et al., 2005).

Understanding these timeframes is essential for policymakers and stakeholders navigating the transition to net-zero emissions and
to achieving energy security goals (Pollitt, 2024). Short-term analysis can help identify immediate challenges, such as ensuring the
reliability of renewable energy sources to maintain energy security and the timely implementation of policy interventions. Medium-
and long-term analysis is essential for developing sustainable strategies, considering possible future technological advancements,
economic structural changes, and the long-term impacts on growth, demographics, and environmental sustainability, for example.
While there is a large body of research focused on the effects in the long term, the question remains: Are we equally well-versed in
understanding the potential short-term impacts?

The recent literature analyzing the energy-environment-economy impacts of energy transitions using IO modeling approaches can
be segmented into two main groups to shed light on their underlying assumptions regarding specified time horizons, whether implicitly
or explicitly.? The first group consists of studies that assume fixed technology coefficients and the absence of (endogenous) capacity
constraints, with labor supply being infinitely elastic throughout all simulation periods. Examples of this approach can be found in the
works of Carvalho et al. (2015), Siala et al. (2019), Solé et al. (2020), Vaccaro and Rocco (2021), and Zhang et al. (2022). While these
assumptions are certainly appropriate, they may not hold true for both short- and long-term perspectives. The second group involves
studies that incorporate technology coefficients that vary over time (typically determined exogenously) and tend to assume no
endogenous capacity constraints, as well as an infinitely elastic labor supply throughout all simulation periods. Examples of such
studies can be found in Cerny et al. (2021, 2024) and Sievers et al. (2019). Again, these assumptions are relevant but may not align well
with both short- and long-term scenarios.

These two main approaches serve to illustrate the utilization of model features and specifications that are most applicable to
specific time periods. For instance, utilizing fixed technology coefficients may be suitable for short-term analyses, while assuming
unconstrained supply-side labor and capital could be more suitable for longer-term analyses (especially considering current supply-
side constraints). Typically, a combination of model features and assumptions is utilized across all simulation periods, rather than
being confined solely to their conceptually envisioned timeframe.’

Existing literature emphasizes the necessity of carefully considering model specifications, as analyses could overestimate the
impacts on employment and output when a growing economy faces capacity or other supply-side constraints in its early stages
(McGregor et al., 1996). Thus, it is not advisable to simply extrapolate long-term results and model configurations to the short term,
and vice versa. This further emphasizes the need for models that explicitly identify effects within each of these time horizons, in
alignment with the fundamental principles of macro and microeconomics. However, these concepts have not been fully integrated into
the analysis of the energy system transformation toward net-zero carbon emissions and enhanced domestic energy security goals

2 Traditionally, IO models have been associated with the short run, where fixed coefficient technologies, the absence of capacity constraints, and
an infinitely elastic labor supply are assumed (Miller & Blair, 2009; Oosterhaven, 2022; Raa, 2017). However, 10 analysis is more broadly applicable
than suggested by this interpretation (McGregor et al., 1996). While there is potential for incorporating endogenous supply-side constraints in I0
models, especially in econometric IO models, such methods are not widely utilized in current literature.

% It is notable that similar challenges are present in the literature that utilizes Computable General Equilibrium (CGE) models. However, in CGE
modeling, it is not uncommon to find models that separate and provide distinct results for the short, medium, and long terms. These models
incorporate specific features tailored to each period, allowing for a more detailed analysis of the dynamics and challenges associated with different
time horizons (Dixon & Jorgenson, 2012).
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(Pollitt, 2024). The next section introduces an empirical model constructed specifically to address this issue, with an emphasis on
assessing short-term effects.

3. Model and data

To demonstrate the potential short-term impact of the energy transition on the overall economy (in terms of output and
employment by labor market skill category), this manuscript utilizes a dynamic disequilibrium 10 model that is soft-linked to an energy
system optimization model. Drawing from frameworks established by Hallegatte (2008), Henriet et al. (2012), Inoue and Todo (2019),
and specifically Pichler et al. (2022), the I0 model incorporates simple heuristics and configurations tailored for short-term analysis.*
The model implemented in this manuscript aims to identify the immediate economic consequences arising from energy system
transformation pathways. It simulates how various macroeconomic variables evolve across different sectors of the economy based on
short-term investments and operational expenses associated with transitioning the energy system.

Fig. 1 presents a summary of the general research framework, outlined as follows: Socio-economic and technological scenarios,
along with considerations of energy security, are combined to develop pathways for future transformations. This encompasses various
economic, social, and environmental factors, along with detailed techno-economic descriptions of the system and the broader policy
context, including energy policies and energy security goals such as security of supply. These components are integrated into internally
consistent transformation pathways that are evaluated using an energy system optimization model, as discussed in Stolten et al. (2022)
and Kullmann et al. (2022). The outputs from this model are subsequently integrated into the disequilibrium IO model used in this
manuscript. This integration considers implications of domestic content and other economic factors, including production constraints
in industries caused by a lack of critical inputs.

The IO model is based on data for Germany from the year 2020, which is an aggregation of EXIOBASE (Stadler et al., 2018) ,° a
comprehensive 10 database.® Moreover, publicly available data are incorporated to determine the essential parameters and other
necessary data in the model. A detailed mathematical description of the model is provided in Appendix A (with exact parameter values
given in Table A1), while a sensitivity analysis of the exogenous values obtained from the energy system optimization model is
presented in Appendix B (Fig. B1). Supplementary Material S1 offers an in-depth discussion of the selection of key parameters.

The following provides a brief description of the IO model, which is closely based on the model developed and validated in Pichler
et al. (2022). Throughout the manuscript, model variables in capitals stand for either matrices or tensors (three-dimensional objects
explicitly accounting for the temporal component), while those indexed with lowercase symbols stand for vector-valued objects. The
basic accounting structure of the economy is given as:

N
Y= O Zije+ G+ fie m
j=1

where y; . stands for the total output if industry i at time t, and Z;, represents the intermediate consumption of good’ j by industry i.
Realized household consumption of good i at time t, is given as c;;. All other realized (non-household) final demands (e.g. government,
investment, exports) are denoted by f;;. The profits, z;,, of industry i at time t exhibit the following dynamics:

N
Tie = Xir — Zji.t — Wit — € 2
=1

where, w;, is the labor compensation for the employees in industry i at time t, and e;; stands for all other expenses (i.e. taxes).
The equations governing the time evolution of both total demand for industry i, denoted by d;;, and intermediate demand, indicated
by Oj;; are introduced as:

N
die= >0+l + aifl @)
j=1

4 Further adjustments to the technology coefficients, guided by the energy system optimization model, would enable this model to extend its
analysis to long-term impacts. This configuration would assumes changes in quantities without any changes in prices over the long run, as imposed,
for example, in some CGE models (Lecca et al., 2013).

5 With latest data being available from: https://zenodo.org/records/5589597

© This dataset includes various impact variables, such as water consumption, land use, and employment hours. However, for practical reasons, the
results in this paper focus specifically on output and employment. It is important to note that the transformation of the energy system will also affect
other crucial variables, including natural capital, human health, fairness and equity, and other distributional issues, which are not covered in this
paper. Furthermore, constraints related to natural capital and other resources are not incorporated into the current IO model. The broader system-
wide effects of incorporating such constraints are discussed in Ross et al. (2023), for example.

7 For simplicity, the text does not differentiate between goods, commodities, and services; however, these categories are explicitly included and
distinguished in the underlying data.
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Fig. 1. Research framework. Socio-economic and technological scenarios are integrated along with energy security aspects to formulate trans-
formation pathways. These pathways are assessed using an energy system optimization model. The results are subsequently linked to a disequi-
librium Input-Output (I0) model, which considers domestic content and production constraints. This approach aims to support evidence-based
policymaking.

1
Ojir = Ajiy dip 1 + = (iZjo — Sjie-1) “4)

In the above, ;, is the exogenous shock parameter, cf, stands for the demand of household consumption of good i at time t while i1
stands for all other (non-household) final demands of good i at time t. S;;; denotes the stock of input j held in i's inventory at time ¢, 7
represents the speed of inventory adjustment while n; represents the number of days for which the production is ensured for industry i,
A stands for the technical coefficient matrix and N signifies the number of sectors in the economy. The exact functional form for ¢, is
specified in Appendix A. The difference between quantities f and ¢ with and without the superscript d must be highlighted; namely in
the absence of this superscript the quantity refers to the realized values, while its presence indicates that the quantity represents the
required/demanded values which may not necessarily be fully realized. The exact relationship is specified in Appendix A. Note that the
intermediate demand Oj;, is modeled as sum of two quantities where the first summand represents the assumption that the demand will
not change on a daily basis while the second component represents the notion that the industry needs to maintain a certain amount of
inventory to produce goods for another n; days while adjusting its demand based on the inventory gap at speed 7.

Assuming that all workers in the same industry earn the same wage, employment in industry i at time ¢ is denoted by [;;. The time

evolution of labor demand by industry i at time t is represented by lft and is governed by:

lft = li.t + Ali.t (5)
_ li_'() . inp cap

Ali,t *E [mln{)(i,t ’ di.t } 7)(i,r } (6)
L, = li,r + Y Ali,r lf Ali,r > 0 (7)
M L + v AL if ALy < O

bt b ®
lio

labyge € {1.032, + oo} 9

where hiring and firing rates are denoted by y;; and yj, respectively. Note that 47 and ;(lm;” stand for the productive capacity of industry
iat time t and intermediate input-based production capacities, respectively. Specifically, )(::ﬁp is given as a Leontief production function.
The intuition behind Eq. (6) is as follows: if min { 2P dy, } < xi the firm has more capacity than it needs (this being the minimum of

input and demand) and whence it is optimal for the firm to fire workers until this inequality holds true. If, on the other hand, min { ;(::T ,

di; } > i this means that the firm does not have enough workers to meet its demand and whence it is optimal to hire workers so

long as this inequality is valid. The above in turn determines the sign of Al;;, in case this is non-negative, the firms will hire and will
otherwise fire workers. These relationships are mathematically formalized in Eq. (5) and Eq. (7). Furthermore, Eq. (8) imposes the
upper bound on the availability of labor, namely that at any one time, the labor force cannot be larger than a specified multiple labpqy
of its baseline value l;,,. The labyqx in Eq. (9) value of 1.032 corresponds to the current unemployment rate of Germany (DESTATIS,
2024) while infinity corresponds to the assumption that the labor force is essentially unrestricted, and if needed, any number of
qualified workers required are indeed available for the corresponding position. The model assumes prices remain constant. Demand
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does not necessarily match actual transactions, allowing for potential market inefficiencies. Additional behavioral responses are not
considered.®

Previous literature (Alleman et al., 2023; Pichler et al., 2022) has prioritized selecting values for inventory adjustments that
maximize the overall model’s goodness of fit or predictive performance, rather than estimating them separately through empirical,
computational, or analytical inference. Similar approaches have also been taken for hiring and firing rates. However, simulations (or
projections) are typically based on point estimates of the underlying model parameters. Thus, it is fundamentally important to ensure a
strong scientific rationale behind the choice of parameter values to ensure viability and increase confidence in the inferences provided
by the model simulation (or prediction). This manuscript employs several mathematical techniques, primarily from the domain of
probability theory, to determine reasonable values for multiple parameters, including those mentioned above, which are subsequently
used to parameterize the applied model. Detailed information on these techniques is provided in Supplementary Material S1. It is also
important to note that legal constraints related to hiring and firing, which have not received explicit attention in previous literature,
are now addressed in greater depth. The parameter estimation presented, therefore, utilizes realistic real-world constraints and
rigorous mathematical reasoning to yield reliable estimates of the parameters guiding the time evolution of the economic model.

4. Scenario specification

The scenario analysis in the upcoming results section draws upon data from Stolten et al. (2022) and Kullmann et al. (2022). These
authors use an energy system optimization model (ETHOS.NESTOR) to evaluate strategies for transitioning the energy system to
achieve net-zero emissions through a mixed-integer linear optimization approach.’ Their assessments of transformation pathways
quantify the capital (CAPEX) and operational (OPEX) expenses necessary for technically retrofitting the energy system to reach
greenhouse gas neutrality. Their analysis focuses on strategies aligned with the Bundes-Klimaschutzgesetz (KSG), which establishes,
among other targets, emission reduction goals for Germany until 2045. For an in-depth discussion, see Stolten et al. (2022).

This manuscript analyzes the short-term effects of energy system transformation costs incurred within a one-year timeframe. For
this, the daily averages are derived from the initial five years of the energy system transformation (Kullmann et al., 2022; Stolten et al.,
2022), and are subsequently allocated and linked to the relevant 10 sectors.'” Appendix B presents a sensitivity analysis of the
exogenous values obtained from the energy system optimization model.

The simulations presented in the following section illustrate the overall net effects of the KSG scenario in comparison to a business-
as-usual (BAU) scenario. In the analysis, the total capital expenditures for the year amount to 25 billion EUR, whereas operating
expenses have a combined negative value of 3 billion EUR (Kullmann et al., 2022), corresponding to approximately 26.4 billion USD
and 3.1 billion USD at the time of writing. It is important to note that although the overall CAPEX is positive, certain sectors, such as the
manufacture of conventional motor vehicles, are experiencing disinvestments due to a shift towards e-cars. Similarly, while the overall
OPEX is negative, with the manufacture of conventional motor vehicles showing the largest decline in OPEX costs, there are sectors,
such as the electricity transmission sector, that have positive OPEX costs. The subsequent net effects of these changes are revealed in
the results section. The system incorporates the investment and operational expenditures of a single year through the exogenous shock
parameter, 4;;, in Eq. (3). The model runs for two years to account for any legacy effects of these expenditures. Without the exogenous
shock, the model would simply replicate the base year data each period.

5. Simulation results

To highlight the potential short-term effects of an economy facing constraints, two versions of the dynamic disequilibrium IO model
are utilized. The first constrained version is configured so that inventory adjustments are not instantaneous, such that r = 47 /4, and a
propensity to consume, m, in Eq (A12) set to 0.8. Moreover, the hiring and firing constraints are defined by setting y;; to 0.0144 and y;
to 0.0141, respectively, in accordance with labor market regulations, which means that hiring and firing are not immediate. This
version of the model, however, assumes an infinitely elastic supply of labor, with labyq, set to +oo in Eq. (9). In the second model
version, which is our preferred model specification, all the settings noted above are retained, but labm,, is set to 1.032 to reflect a
realistic and currently observed constraint on the availability of labor. To illustrate how the two constrained versions of the model
diverge from the current literature, commonly employed Type I and Type II IO multipliers models (Emonts-Holley et al., 2021) are also
employed.'! It is important to note that the results for the Type I and Type II approaches are considered entirely unconstrained,

8 1t is important to note that this approach is highly stylized, and a general equilibrium setting that includes behavioral responses would be
necessary for a more detailed assessment. For example, McGregor et al. (2021) explore a similar issue in a CGE model and suggest that public
spending on environmental improvement could gain support, along with the establishment of an "environmental social wage," where workers accept
lower pay in return for environmental improvements.

9 Incorporating non-linear methods could improve our understanding of nonconvexities, provide a more realistic representation of system con-
straints, and enhance our grasp of market dynamics, potentially leading to different technology selections, investment levels, or operational stra-
tegies that might align more closely with real-world conditions (Kotzur et al., 2021). While including these considerations might alter the results
presented in this paper by offering alternative pathways, the general modeling approach would remain unchanged.

10 Ag commonly employed in the literature (Siala et al., 2019; Solé et al., 2020; Vaccaro & Rocco, 2021).
11 These are described in detail in the literature (Emonts-Holley et al., 2021; Miller & Blair, 2009) and are not further elaborated upon in this
manuscript.
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aligning with prevailing practice.

Fig. 2 and Table 1 illustrate the key results from the constrained dynamic models and compare them with the outcomes from the
Type I and Type II multiplier models. Fig. 2 displays the changes in daily output, while Table 1 presents the aggregate impacts on
output and employment for all models across all simulation periods, taking legacy effects into consideration. The term "direct" refers to
CAPEX and OPEX expenditures derived from the energy system optimization model, which can be viewed as the exogenous shock to
the IO system. It is important to reiterate that energy security considerations are explicitly detailed within the energy transformation
pathways assessed in the energy system optimization model, which is, in turn, linked to the disequilibrium IO model used here.

The general transmission mechanisms for the Type I and Type II models can be summarized as follows: Initial CAPEX and OPEX
expenditures, referred to as the direct effects, trigger additional ripple effects through inter-industry demand linkages—known as the
indirect effects. The sum of these direct and indirect effects is termed the Type I effect. Increased sectoral demands, in turn, lead to
higher household income from labor earnings, which is subsequently spent, yielding a further boost to sectoral demand. This is known
as the induced effect. The direct, indirect, and induced effects are all encompassed within the Type Il model. Consequently, the impact
order is typically Type II > Type I > Direct. The disequilibrium IO model operates through a more complex transmission mechanism,
which is outlined in more detail below.

To provide context for the absolute values, the results of the Type II model (representing the most optimistic model specification)
indicate that output increases by 58 billion EUR (approximately 61 billion USD at the time of writing), corresponding to a 0.8 % rise in
overall output. Similarly, the 427 thousand jobs created are modest in relative terms, representing a 0.9 % increase in total
employment. The Type I and Type II multipliers do not incorporate any crowding-out effects, portraying the most optimistic scenario
possible. Despite these overly positive projections regarding potential macro-level effects, empirical ex-post evidence does not support
them (Godinho, 2022), although they remain widely used.

Unlike the Type I and Type II IO models, the dynamic disequilibrium IO model includes nonlinear adjustments that can accom-
modate nonoptimal outcomes. This model introduces constraints and crowding-out effects that limit some of the potential output that
could otherwise be achieved. As a result, it implicitly hinders the timely achievement of energy security and broader energy policy
goals, as specified in the energy system transformation pathways. In this model, industry demand and production decisions are made
using simple rules of thumb, as opposed to the optimization approaches typically used in partial or general equilibrium setups.
Specifically, the model executes a set of steps on a daily frequency: firms hire and fire workers based on previous production,
households determine consumption demand, industries place orders for intermediate goods, industries produce to satisfy demand,
distribution is conducted pro rata if production is insufficient, and inventory is updated while labor compensation is allocated. These
steps are repeated with daily time resolution to simulate economic activity and track fluctuations in production, employment, con-
sumption, and inventory levels (see Pichler et al. (2022) for a detailed overview of the algorithm). It is important to note that negative
shocks in this disequilibrium IO model have a more immediate impact than positive shocks, resulting in negative aggregate effects
before positive impacts can materialize. This corresponds to the dip in output observed in Fig. 2. Specifically, sectors like the con-
ventional motor vehicle manufacturing industry experience a decrease in CAPEX and OPEX, leading to a negative shock. This negative
shock takes effect before sectors that receive positive CAPEX and/or OPEX can respond.

As a result of model dynamics, the impacts on output and employment in the disequilibrium IO constrained models, while positive,
are notably lower than those estimated by the commonly used Type I and Type II multipliers. The version of the disequilibrium model
that incorporates real-world limitations—such as gradual inventory adjustments, constraints on consumption propensity, and legal
hiring and firing restrictions (though with an infinitely elastic labor supply)—aligns most closely with the results of the Type I model.
These findings are illustrated in Fig. 2b and data row 4 of Table 1. However, even in this scenario, the effects fall short of those
indicated by the Type I and Type II multipliers. Additional constraints, such as limitations on labor availability, further diminish
economic impacts and lead to considerable crowding-out effects, resulting in minimal impacts beyond the direct effects.

While the employment effects by labor market skill category are detailed in Table 1, it is important to interpret the data with
caution, as the modeling does not account for potential changes in the labor force due to migration and does not consider the possibility
of workers transitioning between skill groups through avenues such as education or training. Nevertheless, since the analysis focuses
on the short term, this simplified and widely used approach may be appropriate. The results indicate that low-skilled workers have the
potential to benefit from the energy system transformation, implying that policies in this area could create opportunities for the entire
workforce and help prevent worker marginalization.

The overall qualitative effects, along with the modest increases in economic growth and employment, are consistent with findings
from existing literature, such as Meyer and Sommer (2016), O’Sullivan and Edler (2020), Sievers et al. (2019), and Ulrich et al. (2022).
However, the potential short-term crowding-out effects have not been thoroughly examined using current state-of-the-art I0 models.
The results outlined here provide evidence that the real-world dynamics faced by economies in the short run can lead to the
crowding-out of potential macro-level effects. These crowding-out effects can, in turn, hinder the timely achievement of energy se-
curity goals. Relying on models that do not account for such economic constraints can result in misguided policy choices.

Fig. 3 summarizes the sectoral output effects by illustrating the distribution of output as a percentage of total output. It presents
values for direct costs, along with the Type I and Type II IO models, as well as two versions of the dynamic disequilibrium IO model.
The figure employs a "running total" approach, where the shares of total output per sector are cumulatively added, ultimately reaching
100 % in the bottom right corner. A selection of the 148 sectors is provided.'”

12 The full description of each sector is given in Stadler et al. (2018), specifically: https://onlinelibrary.wiley.com/action/downloadSupplement?
doi=10.1111%2Fjiec.12715&file=jiec12715-sup-0009-SuppMat-9.xlIsx
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Fig. 2. Aggregate results for the impact on output (the change in output from base year values in million EUR) are presented, resulting from CAPEX
and OPEX expenditures in an average year during the initial years of the KSG energy system transformation scenario. Fig. 2a displays the direct,
indirect, and induced effects utilizing the standard Type I and Type II IO models, while Fig. 2b showcases the results for the direct effects and the two
constrained versions of the dynamic disequilibrium IO model. Considerable crowding-out effects are evident in the constrained models, leading to
outcomes that fall short of those projected by the Type I and Type II multipliers.

Table 1

Aggregate results for the total impact on output (in billion EUR) and employment by skill category (in thousands of jobs) resulting from CAPEX and
OPEX expenditures in an average year during the initial years of the KSG energy system transformation scenario.

Output (billion EUR)

Employment (thousands of jobs)

Low skilled Medium skilled High skilled Total
Direct 23 18 64 148
Type I 40 33 127 287
Type I 58 46 191 427
Constrained model (Iabyge= +o0) | 37 31 121 275
Constrained model (labmgx= 1.032) 1 23 24 80 195
1 along with: 7 = 47/4, y; = 0.0144, y; = 0.0141, and m = 0.8.
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Fig. 3. The output effects by sector are illustrated as a percentage of total output for direct costs, as well as for the Type I and Type II multipliers,
and two versions of the disequilibrium IO model. The figure utilizes a "running total" approach, where the shares of total output for each sector are
cumulatively summed, ending in 100 % in the bottom right corner. A subset of the 148 sectors is explicitly labeled on the y-axis.
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The figure shows that the direct costs of the energy system transformation are distributed across 29 of the 148 sectors. A substantial
portion of these costs arises in other business activities and in numerous manufacturing sectors (located toward the middle of the y-
axis), such as the production of machinery and electrical equipment, and construction related sectors. One sector experiencing a
decline in direct investment, as well as in operation and maintenance expenditures, is the motor vehicle production sector, which is
witnessing a decrease in the production of conventional motor vehicles. The production of electric vehicles is distributed across various
sectors, with only a portion of the costs being directly attributed to the motor vehicle sector.

While direct costs affect only a limited number of sectors, the Type [ and Type Il multipliers, along with the dynamic disequilibrium
10 models, demonstrate that all sectors are impacted, albeit to varying extents, when industry interlinkages are considered. This is
especially true for manufacturing-related sectors, but service sectors such as real estate, retail and trade, and finance are also positively
impacted. As a result, all sectors—excluding those involved in the production of traditional motor vehicles and conventional ener-
gy—may find growth opportunities. Each model produces a distinct distribution of impacts, shaped by its underlying model as-
sumptions, particularly regarding labor constraints and turnover rates. Nevertheless, the direct costs resulting from the energy system
optimization model, provided exogenously, establish the foundational structure of these distributions. Consequently, sectors such as
other business activities and manufacturing activities continue to account for substantial proportions of total output. Domestic op-
portunities are, of course, dependent on maintaining strong domestic production capacities that can compete in the international
market, as well as addressing the persistent economic constraints.

Importantly, the findings indicate that relying on commonly used models that overlook short-term economic constraints can lead to
markedly different impacts across sectors and on the aggregate economy as compared to models that do consider such constraints.
Entirely unconstrained models may create expectations for outcomes that do not materialize in the short term, which could ultimately
obstruct the effective implementation of energy policies and hinder the achievement of energy security goals. Clearly, the key issue
pertains to the duration for which economic constraints may persist. For example, Germany has been grappling with availability of
labor (Arbeitskriftemangel)'® for an extended period, suggesting that the model could be applied to assess the longer-term impacts of
the energy system transformation.

6. Discussion and conclusion

Countries worldwide are striving to achieve net-zero carbon emissions while enhancing domestic energy security; however, they
face the challenge of balancing long-term sustainability goals with short-term political interests. A consistent political commitment is
essential for driving changes in energy systems. While research often overlooks short-term impacts, identifying “quick wins”—such as
job creation from investments in renewable energy technologies—can help sustain public support and further incentivize policymakers
to pursue long-term objectives. By emphasizing the immediate economic effects of the energy transition, policymakers can create a
favorable environment for sustained investment and progress toward both net-zero emissions and energy security.

Existing analyses often do not adequately consider the unique economic structures of different time frames, resulting in (overly)
optimistic projections that lack empirical support. To address this gap, this manuscript investigates the short-term economic effects of
transitioning to net-zero carbon emissions using a dynamic disequilibrium Input-Output model that incorporates investment and
operational expenses derived from an energy system optimization model. The transformation pathway assessed in the empirical
modeling factors in various aspects of energy policy and energy security, including critical elements such as the security of supply. By
prioritizing the identification of short-term effects, the analysis presented in this paper aims to mitigate the risks associated with
suboptimal policy decisions and recommendations, which could result in sunk costs or the neglect of viable policy options.

The results indicate that modest positive impacts on output and job creation (across a range of labor market skill categories and
industries) may be realized, offering reassurance to policymakers that pursuing net-zero carbon emissions and domestic energy se-
curity can foster both economic growth and job opportunities. This potential double dividend benefits both the economy and the
environment and should encourage greater commitment from stakeholders toward these policy goals. However, the extent of these
economic effects is substantially influenced by existing constraints within the economy.

The analysis highlights potential crowding-out effects that may arise from gradual inventory adjustments due to constrained supply
chains, as well as from labor supply constraints—factors that are often overlooked in current analyses. Recognizing these real-world
economic dynamics is crucial for accurately assessing the impacts of energy transformation pathways and their ability to achieve
energy security and policy objectives, as they can significantly affect the duration and scale of impacts, thereby increasing the risk of
suboptimal or ineffective policy actions.

At the sector level, the analysis indicates that various service sectors, along with manufacturing industries such as electrical
equipment and those associated with the production of electric vehicles, are poised to gain considerably from the energy system
transformation. However, the realization of these benefits hinges on the ability to maintain a competitive advantage in domestic
production within these sectors. Failing to adapt to the changing landscape could result in a greater dependence on imported goods,
which could, in turn, negatively impact energy security aspects. Conversely, industries related to fossil fuels, including traditional
motor vehicle manufacturing, are likely to experience considerable declines (unless they adapt and retool their business models to

13 "Arbeitskraftemangel" refers to labor shortages or a lack of available workers within the German context. This term encapsulates the challenges

faced by sectors where there is a disparity between the demand for labor and the supply of the workforce (Garnitz et al., 2023). To conduct a
comprehensive analysis of this issue, a more detailed modeling approach is needed that considers the interactions of demand, supply, and prices.
One possible methodology for assessing this in detail is described in Ross et al. (2024).
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seize the opportunities created by the energy transition).

Notably, the model used in this study does not impose strict constraints; instead, it reflects the current economic landscape, where
various economic challenges are presenting substantial headwinds. Therefore, the results provide a rather balanced view of the current
implications. To fully realize the potential benefits of investing in energy system transformation, policymakers must thereby address
and alleviate existing roadblocks or economic constraints that could hinder progress. Germany’s Federal Cabinet has adopted a draft
budget for the present year (2025), outlining an initiative for growth aimed at enhancing security and stability during turbulent times
(Bundesregierung, 2024). This growth initiative encompasses measures to strengthen competitiveness, promote electric mobility,
reduce bureaucracy, improve supply chains, and enhance labor market access, among many other priorities. As highlighted in this
paper, these measures are valid and crucial for overcoming existing roadblocks. However, the proclamation of these actions is only the
first step; effective implementation is now essential.
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Appendices

Appendix A: Mathematical description of the model
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Table Al
Parameters and data sources.
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(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

Symbol  Name

Value / Source

i Industry

t Time at daily intervals

N Number of industries

Xit Total output of industry i at time ¢

Ay ij element of the technical coefficient matrix A

yovd Production capacity of industry i based on available labor at time ¢

Z?[p Production capacity of industry i based on available inputs other than labor at time t

d;, Total demand for industry i at time ¢

Zij¢ Intermediate consumption of good i by industry j

m Propensity to consume

P Consumption adjustment

Oy Intermediate demand from industry j to industry i at time t

Sije1 Stock of input j held in inventory of industry i at time ¢

cd, Demand of household consumption of good i at time t

¢l Total required consumption demand at time ¢

O;r Preference coefficient giving the share of goods from industry i out of total consumption
demand ¢,¢

Cit Realized household consumption of good i at time t

fie All other realized (non-household) final demands for good i at time t

ffz All other (non-household) final demands of good i at time t

die Exogenous shock parameter

Ly Employment in industry i at time t

Wit Labor compensation in industry i at time ¢

1075

148

0.8024
0.99 Pichler et al. (2022)

Pichler et al. (2022)

ETHOS.NESTOR (Kullmann et al., 2022; Stolten et al.,
2022)

(continued on next page)
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Table A1 (continued)

Symbol  Name Value / Source

we Total labor compensation at time t

lgt Labor demand by industry i at time t

T Inventory adjustment (in days) €(1,47/4) Supplementary Material S1
TH Hiring rate €(1,0.0144) Supplementary Material S1
23 Firing rate €(1,0.0141) Supplementary Material S1
labay Upper bound on the availability of labor €(1.032,+00) DESTATIS (2024)

Note: All data, unless explicitly denoted or calculated in the model, are sourced from EXIOBASE (Stadler et al., 2018).
Appendix B: Sensitivity analysis

The results presented in the main body of this paper are based on the average costs incurred during the initial years of the energy
system transformation, as determined by an energy system optimization model (Kullmann et al., 2022; Stolten et al., 2022). However,
significant cost variations are expected in subsequent years as sectoral investments and operational costs are adjusted to meet emission
reduction targets. Additionally, technology substitutions will influence both the overall results and those specific to individual sectors.
For example, as traditional motor vehicles are phased out, electric cars are anticipated to become more prevalent. Therefore, this
appendix examines the sectoral effects over additional years of model simulations, focusing on the years 2025, 2030, 2035, 2040, and
2045. Fig. B1 summarizes the key results at the sector level.
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Fig. B1. The output effects by sector are illustrated as a percentage of total output for the two versions of the disequilibrium IO model. The figure
utilizes a "running total" approach, where the shares of total output for each sector are cumulatively summed, ending in 100 % in the bottom right
corner. Fig. Bla presents the results for the model with labpay set to + oo, while Fig. B1b shows the results for the model with lab,, set to 1.032 —
with both models also assuming: 7 = 47/4, yy = 0.0144, y; = 0.0141, and m = 0.8. A subset of the 148 sectors is explicitly labeled on the
y-axis.

Figures Bla—b can be interpreted similarly to Fig. 3 in the results section of this paper; however, these figures specifically compare
the sectoral distribution of output across different years of the energy system transformation. The results indicate, as anticipated, that
differences between the constrained version of the disequilibrium IO model persist, but now exhibit more pronounced variations due to
the different years of the energy transition. For example, the decline in the production of conventional motor vehicles is most pro-
nounced in 2040, although a phase-out occurs in all years. While there is some variation within the other business activity sector across
different years, strong increases are consistently observed. Similarly, the manufacturing sectors (located toward the middle of the y-
axis) are expected to benefit significantly from the energy system transformation throughout all time periods. However, the extent of
these benefits depends on maintaining competitive domestic production capacities in the future and addressing the economic con-
straints as outlined in the main section of this paper.
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