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ABSTRACT: Limiting warming to the Paris temperature goals requires a rapid scale-up of low-carbon energy, yet
recent experience suggests that deployment is increasingly shaped by delivery constraints rather than by technology cost
trends alone. This review synthesizes peer-reviewed evidence on five constraints that repeatedly slow net-zero buildouts:
lengthy approval and grid-connection processes; capital-intensive investment profiles that heighten sensitivity to the
cost of capital and revenue risk; bottlenecks in critical minerals, processing, and manufacturing; social contestation
and local governance that translate into siting exclusions, delays, and cancellations; and modeling traditions that can
underrepresent these non-marginal frictions. Accordingly, we adopt an energy-services perspective to examine how
demand-side strategies affect the scale and timing of the required buildout. We interpret degrowth as service-based
sufficiency, rather than as a blanket reduction in welfare, and organize the evidence using the Avoid, Shift, Improve (ASI)
sequence. Across sectors, the reviewed literature indicates that lowering baseline service demand and, in particular,
peak requirements can reduce project counts and network upgrades, limit exposure to interconnection queues and
permitting backlogs, ease upstream material pressures, and improve bankability under risk-averse finance. We conclude
that net-zero pathways are more credible when service provision and demand-side design are treated as core planning
variables alongside clean-energy supply expansion.
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1 Introduction
Meeting the temperature objectives of the Paris Agreement requires an energy transition that is both

rapid and deliverable. In this review, an energy transition is understood as a systemic redesign of the energy
system around the services that societies choose to deliver and how those services are organized across
space and time, while remaining buildable, operable, and socially legitimate at scale [1]. This definition
matters because many influential pathways remain supply-centered. They pursue linear substitution through
accelerated deployment of wind, solar, and new fuels, yet often understate the practical bounds that con-
dition feasibility, including biophysical limits, network and temporal constraints, institutional and financial
conditions, and social license [2].

Recent evidence is consistent with these bounds. Commissioning times for renewable projects have
lengthened in a global sample covering more than twelve thousand projects across nearly fifty countries [3].
In the United States, grid interconnection requests accumulated to approximately 2.6 terawatts by the end
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of 2023 and queue durations continued to rise [4]. Models that incorporate empirically observed costs
of capital show that higher financing costs materially increase mitigation costs [5]. Land-use governance
has narrowed siting options through extensive local ordinances [6]. Therefore, these patterns suggest that
feasibility becomes increasingly contingent when the transition is framed primarily as building more clean
supply. A service-centered framing instead foregrounds whether energy services can be provided reliably at
scales and speeds that the real world can credibly deliver.

This review advances a different organizing principle: degrowth, understood as service-based suffi-
ciency, namely building less to achieve more [7]. The focus shifts from maximizing energy throughput
to providing appropriate services with much lower energy and material intensity [8]. This framing aligns
with demand-side management, post-growth scholarship, and circular-economy practice, and offers a
coherent lens for feasibility when delivery constraints bind. Drawing on these bodies of work, we emphasize
four points. First, we reframe the objective of net-zero transitions from aggregate energy consumption
to quantified energy services, showing how sufficiency can be implemented through operational metrics
rather than solely through normative claims. Second, we treat the sequencing of actions, Avoid, Shift, then
Improve (ASI), as a design choice that can lower peaks, reduce project counts, and ease interconnection
and permitting bottlenecks under binding delivery constraints. Third, we operationalize deliverability in
planning and modeling using measurable quantities such as permitting and interconnection lead-time
distributions, interconnection queue length and land assembly, manufacturing and supply-chain capacity,
and financing conditions including the cost of capital, so models better align with what can be built and
when. Fourth, we propose decision metrics that connect engineering with finance, focusing on guaranteed
service floors, peak levels relative to service needs, service-indexed pricing, and debt-service coverage, to help
translate policy into bankable projects with near-term deployment. Throughout, we also synthesize contested
points and implementation limits to clarify where evidence is strong, where it is mixed, and what remains
uncertain. The aim is not to prescribe austerity, but to examine how a smaller and more robust energy system
could align political acceptability with engineering feasibility and thereby improve the credibility of net-zero
pathways within the remaining time window.

The remainder of this review is organized as follows. Section 2 describes the review meth-
ods. Section 3 reviews the evidence on five binding constraints that shape the feasibility of energy transition
buildout. Section 4 examines service-based sufficiency and demand-side management as an integrated
demand-side framing for net-zero transitions. Section 5 develops implementation pathways and decision
metrics that connect planning, modeling, and finance. Section 6 summarizes implications and draws the
conclusion. Fig. 1 summarizes the overall research framework of the review, showing how the manuscript
connects deliverability constraints, service-based sufficiency, the ASI sequencing logic, and implementation-
oriented decision metrics into one analytical structure.
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Figure 1: Research framework in this study.

2 Literature Search and Review Approach
This review synthesizes research on deliverable net-zero energy transitions, with particular attention

to delivery constraints and demand-side approaches, including service-based sufficiency. The evidence base
was assembled through structured database searches, complemented by backward reference checking and
forward citation tracing [9]. We searched the Web of Science Core Collection and Scopus for English-
language peer-reviewed journal articles and review papers published between 2014 and 2025 [10,11]. In
addition, we used a limited set of targeted institutional reports from authoritative organizations (e.g., IEA,
OECD, World Bank, FERC, European Commission, and REN21) to document recent developments in
permitting, interconnection, finance, and critical-mineral governance that are not yet fully captured in the
journal literature. These grey-literature sources were used for contextual and policy-updating purposes and
were not included in the bibliometric counts reported below. Searches covered publications from 2014 to 2025
and were last updated on 11 November 2025. The initial search returned about 6000 records. After removing
1803 duplicate records, 4261 records remained and constituted the screened peer-reviewed evidence base for
this review. Additional institutional reports were cited selectively for contextual updating only and were not
counted in the bibliometric summaries. Searches were performed in titles, abstracts, and author keywords
using three keyword groups aligned with the paper structure: (a) net-zero transitions and energy services; (b)
service-based sufficiency, sufficiency, and demand-side management; and (c) delivery constraints relevant
to real-world deployment. Keyword variants were included to reflect commonly used terminology across
disciplines. The full list of keywords and variants is reported in Table 1.
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Table 1: List of keywords and variants.

Keyword Cluster Search Terms

A. Net-zero transitions and
energy services

(“net zero” OR “net-zero” OR “carbon neutral” OR “climate neutral”
OR “decarbonize” OR “energy transition” OR “energy system

transition” OR “mitigation pathway” OR “net zero pathway”) AND
(“energy service” OR “service demand” OR “service provision” OR
“service delivery” OR “energy service cascade” OR “end-use” OR

“energy efficiency”)

B. Demand-side mitigation,
sufficiency, and degrowth

(“demand side” OR “demand-side” OR “demand-side management”
OR “demand management” OR “demand response” OR “demand
reduction” OR “demand-side mitigation”) AND (“sufficiency” OR

“energy sufficiency” OR “service based sufficiency” OR
“service-based sufficiency” OR “low energy demand” OR “lifestyle

change” OR “consumption reduction” OR ASI OR “avoid shift
improve”) AND (degrowth OR “post growth” OR “post-growth” OR

“steady state” OR “wellbeing” OR “well-being” OR “circular
economy” OR “material efficiency” OR “lifetime extension” OR

“product lifetime” OR “planned obsolescence”)

C1. Delivery time constraints:
permitting, siting, and grid

connection

(“permit” OR “permitting” OR “siting” OR “environmental
assessment” OR “project approval” OR “administrative capacity”

OR “soft cost” OR “development cycle” OR “commissioning time”
OR “lead time”) AND (“grid connection” OR “grid access” OR

“interconnection queue” OR transmission OR “network upgrade”
OR “grid expansion”)

C2. Financial feasibility: cost of
capital and revenue risk

(“cost of capital” OR WACC OR “weighted average cost of capital”
OR “financing cost” OR “discount rate” OR “project finance” OR
“bankability” OR “risk premium” OR “guarantee”) AND (“policy
risk” OR “regulatory risk” OR “construction risk” OR “schedule

risk”) AND (“merchant risk” OR PPA OR “power purchase
agreement” OR “contract for difference”) AND (“capture price” OR

cannibalization OR “revenue risk” OR “debt service”)

C3. Critical minerals and
material intensity

(“critical mineral” OR “energy transition mineral” OR “mineral
supply chain” OR “refining” OR “processing” OR “processing

capacity”) AND (“material intensity” OR “material requirement”
OR TMR OR “total material requirement”) AND (“recycle” OR

circularity OR “secondary supply”)

C4. Social license and
implementation capacity

(“social license” OR “social acceptance” OR “public acceptance” OR
“opposition” OR “litigation”) AND (“setback” OR “ordinance” OR
“zoning” OR “local rule”) AND (“energy justice” OR “procedural
justice” OR “distributional justice” OR “community benefit” OR

“community ownership”) AND (“workforce” OR “skilled labor” OR
“labor shortage” OR “training pipeline”)

(Continued)
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Table 1 (continued)

Keyword Cluster Search Terms

C5. Model limitations and
feasibility assessment

(“integrated assessment model” OR IAM OR “computable general
equilibrium” OR CGE OR “energy system model” OR “scenario” OR

“cost optimal” OR “cost-optimal” OR “optimization”) AND
(“feasibility” OR “policy process” OR “behavior change”) AND

(“negative emission” OR “carbon dioxide removal” OR CDR OR
BECCS OR “direct air capture” OR DAC)

We included studies that provide analytical content relevant to at least one of the following: evidence
on delivery constraints; evidence on service-based sufficiency or sufficiency in relation to energy transitions;
evidence on demand-side management and demand-side mitigation; or implementation mechanisms that
connect planning and finance. We excluded papers in which relevant terms were used only rhetorically,
without substantive analysis of energy transitions, or where findings could not be linked to feasibility
constraints or to the provision of energy services.

Study selection proceeded in two stages. First, titles and abstracts were screened to remove clearly
irrelevant records. Second, full texts were assessed against the inclusion criteria and then organized for
synthesis in line with the paper structure. To reduce the risk of omitting influential work, we reviewed
reference lists of key papers, screened studies that cited them, and conducted targeted searches when specific
constraints or interventions required additional coverage. Fig. 2 presents the literature-review roadmap used
in this study, linking the search strategy and screening process to the manuscript’s two main analytical
components. This roadmap clarifies how the evidence base was organized from search and screening into
the thematic synthesis developed in Sections 3–5.

Figure 2: Literature-review roadmap used in this study.

3 Five Binding Constraints to Deliverable Net-Zero Transitions
A common policy instinct is to expand low carbon supply rapidly and to internalize the emissions

externality through price signals, allowing markets to complete fossil substitution at least cost. In practice,
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the energy system is bounded by a set of non-marginal constraints. These are not minor frictions but
structural boundaries that determine what can be delivered and what cannot. As long as the objective
remains “build more low-carbon energy,” these boundaries recur at the level of processes and assets. In
what follows we examine five binding constraints: upstream rigidity in critical minerals and manufacturing;
delivery time constants; finance as feasibility; social license and capability; and the limits of equilibrium
modeling. Fig. 3 suggests that the current literature remains concentrated in Environmental Studies, while
engineering and finance perspectives are comparatively underrepresented. The dominance of Environmental
Studies in Fig. 3 may also help explain persistent blind spots in transition modeling, because the relative
underrepresentation of engineering and finance perspectives can limit attention to construction timelines,
interconnection processes, financing conditions, and bankability.

Figure 3: Publication (a) and top academic disciplines (b) of binding constraints from 2014 to 2025.

3.1 Mineral Constraints: From Fuel-Intensive to Material-Intensive Transition
Net-zero energy transitions are not merely a substitution of primary energy carriers; they also reallocate

the binding constraints of the energy system from continuous fuel provision to the continuous delivery
of materials and manufacturing capacity [12]. In this sense, the transition can be understood as a shift
from a “fuel-intensive” regime to a markedly more material-intensive one: wind power, solar PV, electricity
networks, batteries, and electric vehicles embed substantially higher quantities of minerals and metals
per unit of installed capacity or delivered service than fossil-based pathways, exposing the clean energy
supply chain to price volatility, geopolitical leverage, and disruption risks [13]. Evidence from material flow
accounting reinforces the magnitude of this constraint. Using Total Material Requirement (TMR), Watari
et al. (2019) show that meeting mid-century decarbonization targets could push upstream material extraction
substantially above today’s levels, with pressures concentrated on key transition materials such as copper,
nickel, lithium, cobalt, and bulk inputs including steel [14]. Importantly, “mineral scarcity” rarely manifests
first as an absolute depletion of geological resources; rather, it tends to appear as deployment rate limits
arising from the speed of capacity additions, declining ore quality, and tightening environmental and social
constraints (i.e., “material bottlenecks” that bind earlier than physical exhaustion) [15].

First, the temporal mismatch between rapidly scaling clean energy demand will generate much slower
expansion of mining and refining supply. The average lead times of mines are over 16 years from discovery to
first production, including more than 12 years for exploration and feasibility and 4–5 years for construction.
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These long lead times make short-run supply highly inelastic; when multiple end-uses (EVs, storage, grids)
expand concurrently, markets can shift into episodic tightness and price volatility rather than smooth adjust-
ment. Second, geographic concentration and midstream bottlenecks exist. For many transition minerals,
extraction is concentrated in a limited set of countries, and refining and materials processing are even more
concentrated, amplifying “single-point-of-failure” vulnerabilities to trade restrictions, geopolitical events,
and logistics shocks [16]. Under these conditions, the relevant constraint is not only “availability in the
ground,” but processing capacity and the robustness of cross-border value chains. Third, an underestimated
constraint arises from declining ore grades and rising energy intensity, an “energy-mineral nexus” in which
lower quality deposits increase the energy required per unit of metal, raising costs, emissions, and waste
volumes. The IEA highlights this dynamic for copper, and process-based analyses similarly document
the long run sensitivity of energy demand to ore grade trends [12,15]. At the macro level, bottom-up
assessment suggests the mining sector’s energy demand could increase materially under future demand
growth and declining resource quality, creating an additional coupling between mineral supply expansion
and decarbonization feasibility [17].

Circular economy strategies and recycling are necessary mitigations, but their near-term impact is
bounded by stock dynamics (installed base formation, time-to-retirement, collection constraints) and by
system frictions in sorting, disassembly, and process routes. For lithium-ion batteries specifically, Harper
et al. (2019) detail persistent technical and infrastructural barriers that limit rapid scaling of high-quality
secondary supply [18]. Consistent with this, World Bank analysis indicates that, even under improved
recycling, primary production of several critical minerals still must rise sharply to meet a below −2○C
pathway, underscoring that upstream mining and processing expansion remains a binding condition for the
transition [19].

3.2 Deliverability Constraints: Time Constants from Permitting to Grid Connection
A central bottleneck in global net-zero transitions is increasingly not what to build, but whether

projects can be permitted, connected, and commissioned within the shrinking time window. Recent global
assessments converge on the same diagnosis: despite rapid growth in clean energy investment, delays in grid
expansion, interconnection procedures, and administrative approvals are slowing the realized deployment
of renewables, storage, and electrification. The IEA’s global stocktake of electricity grids identifies grid
investment and connection processes as binding constraints that can slow the transition and increase
emissions if reforms and build-out lag behind clean energy deployment [20]. Mitigation outcomes depend
not only on techno-economic potential, but also on policy implementation capacity and governance that
enable timely infrastructure delivery.

In practice, these delivery time constants are shaped mainly by two constraints: (i) permitting and siting
timelines, and (ii) interconnection queues and network upgrade timelines. These delays are often labeled “soft
costs,” yet the term is misleading; the binding feature is not their size but their institutional origin outside
equipment procurement. Typical contributors include environmental assessment, litigation and appeals,
interconnection studies, standards and data interfaces, and cross agency coordination. By lengthening the
interval from project initiation to commercial operation, they raise schedule risk and uncertainty, which can
translate into higher financing costs and, ultimately, higher delivered energy costs [21].

Permitting has shifted from a frictional delay to a structural constraint. In the EU, the Council’s emer-
gency approach to “renewables go-to areas” introduced explicit time limits for permit-granting procedures
(e.g., one year in designated areas and longer but bounded timelines outside), reflecting the view that
administrative throughput and procedural complexity can determine delivery speed as much as construction
duration [22]. The European Commission’s summary of the revised directive (EU/2023/2413) likewise
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highlights expedited transposition timelines for permitting-related provisions, reinforcing permitting reform
as a primary institutional strategy to accelerate deployment [23]. These time constants are also strongly path
dependent: they are rarely compressed through capital expenditure alone, and instead require redesign of
procedures, staffing and institutional capacity, and coordination across levels of government.

Grid connection constraints often appear even more directly as queuing congestion. REN21 estimates
that, as of 2023, around 3000 GW of renewable projects globally were awaiting grid connection (with roughly
half in more advanced stages), indicating that plant-side additions are outpacing network-side readiness [24].
Under such conditions, deliverability is determined less by individual technology readiness and more by
system absorbability, including interconnection capacity, upgrade planning, and queue governance. This
has prompted regulatory intervention: Federal Energy Regulatory Commission reforms interconnection
procedures to reduce backlogs and improve certainty (e.g., expanding the use of cluster studies and
strengthening process discipline), explicitly framing queue congestion as a barrier to timely deployment
of wind, solar, and storage [25]. Another analysis likewise characterizes bulk-power grid connection as a
growing bottleneck for renewable and storage entry, consistent with the patterns observed in queue data [26].
This implies that cost competitiveness is not sufficient for on-time delivery. Even where clean technologies
are economically attractive, transitions can fall behind schedule unless permitting and interconnection time
constants are materially reduced through governance reform and coordinated grid expansion.

3.3 Financial Feasibility: The Cost of Capital, Revenue Risk, and Bankability
The transition toward a net-zero energy system often entails a structural shift in system economics from

fuel-based, recurring operational expenditure (OPEX) toward investment-dominated capital expenditure
(CAPEX) in wind and solar generation, grid expansion, storage, and electrification infrastructure. While this
characterization is not equally binding across all sectors, it is highly representative for the asset classes that
largely determine delivery pace and scale. For CAPEX-intensive assets, the binding question is frequently
no longer which technology minimizes stylized costs, but whether projects can be capitalized on tolerable
terms during construction and then secure operating cash flows that are sufficiently stable to service debt
and recover equity. Because costs are strongly front loaded, renewables and network assets are unusually
sensitive to financing conditions; similar technology costs can therefore translate into materially different
levelized cost of energy (LCOE) outcomes and bankability profiles under different costs of capital [27]. Here,
bankability refers to the extent to which a project is considered sufficiently predictable, financeable, and
low-risk to attract investment on acceptable terms.

In this setting, two concepts that recur in energy finance are often simplified in energy system
analysis. The first is the cost of capital (CoC), commonly operationalized as the weighted average cost of
capital (WACC), which aggregates the price of debt, required equity returns, and capital structure into a
binding constraint on financial ability. CoC varies systematically across countries and technologies; assuming
uniform discount rates can therefore obscure real investment incentives and misstate deployment speed [28].
The second is policy risk. In infrastructure finance, policy risk is not a generic label for instability, but a
cash flow risk channel: permitting and interconnection uncertainty, changes in support schemes and market
design, and counterparty and contract enforceability risks alter expected revenues and are priced through
higher risk premia and therefore higher CoC [29].

Financial feasibility depends not only on borrowing rates but also on revenue architecture. When
projects lack long-duration revenue stabilizers such as power purchase agreements or contracts for difference
and must sell electricity fully exposed to wholesale prices, the resulting income exposure is typically
described as merchant risk [30]. The central issue is not volatility alone, but value compression as vari-
able renewable penetration rises. Zero-marginal-cost generation concentrates output in correlated hours,
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depresses clearing prices, and reduces capture prices, producing the cannibalization effect [31]. Evidence
from California documents statistically significant revenue declines for wind and solar as penetration
increases, consistent with a mechanism that can tighten debt coverage, raise required equity returns, and
increase WACC even when headline technology costs are already competitive [32].

Financial feasibility depends on who bears risk, how it is priced, and through which institutions it
is absorbed. In political economies with stronger state coordination and deeper public balance sheets,
governments can provide lower-cost capital, guarantees, and long-tenor finance, absorbing portions of
development and market risk and strengthening mobilization capacity for capital-intensive build-out.
Evidence on the composition of renewable energy financing shows that public actors can play an outsized
role in riskier segments and earlier phases, effectively absorbing risks that private finance would otherwise
price prohibitively [33]. Empirical work on state investment banks further shows how targeted instruments
and market building functions can crowd in private capital by reducing perceived risk and improving
bankability [34]. For China, firm level evidence links green credit and finance governance to renewable
energy investment responses, consistent with the view that financial architecture shapes capital allocation
beyond what technology costs alone would imply [35].

By contrast, in many regions the transition must mobilize substantial volumes of private institutional
capital. Large infrastructure investments are exposed to multiple, partly correlated risks, including regulatory
change, permitting and interconnection uncertainty, merchant revenue exposure (including capture-price
decline), construction cost escalation and schedule slippage, foreign-exchange and convertibility risk,
and counterparty credit risk. Investor-oriented syntheses conclude that policy stability, credible revenue
arrangements, and financial-market structure jointly determine the cost of capital and the elasticity of capital
supply, which in turn conditions whether infrastructure can be delivered on time [36].

These mechanisms generate pronounced global asymmetries in which many regions face a situation
that is technically feasible but financially infeasible under prevailing risk premia. Multi-model analysis that
incorporates empirically estimated, country-differentiated costs of capital finds that higher risk premia in
developing economies can materially raise the financing cost of decarbonization and push deployment
targets beyond feasible ranges, implying that reducing risk premia is a core lever for both mitigation
effectiveness and equity. In response, the literature focusing on lower risk emphasizes policy and financial
instruments such as guarantees and risk-sharing mechanisms as pathways to lower financing costs and
expand the set of bankable projects where capital would otherwise be rationed by risk aversion [37].

3.4 Social License Constraints: From Acceptance to Deliverability
In renewable energy infrastructure buildouts, social license should not be treated as a simple matter of

public attitudes, but as a bundle of conditions that directly enter the delivery critical path. Because projects are
sited in lived landscapes and ecologically valued areas, deliverability hinges on whether procedural fairness
and distributional fairness are institutionalized in permitting, compensation, and grievance mechanisms,
and on whether local rules are stable and predictable enough to support investment and construction
scheduling [38]. In polycentric governance settings, conflicts are frequently channeled into siting ordinances
and litigation, which can translate social contestation into binding spatial exclusions and schedule risk.
For the United States, Lopez et al. show that local setback and related siting rules, when extrapolated, can
sharply contract developable resource potential for both wind and solar, implying that scenario pathways
that abstract away from local regulatory constraints will systematically overstate deliverable capacity [6].
Project level evidence similarly indicates that apparent cost effectiveness does not automatically translate into
real-world buildout: Susskind et al. document widespread delays and cancellations for utility scale renewable
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projects over 2008 to 2021, demonstrating that social license and regulatory process affect delivery through
hard outcomes rather than only through shifts in political sentiment [39].

In more centralized governance, social license constraints may present less as adversarial litigation and
more as information and capacity limits that still elongate lead times and reduce parallel build capability.
Incomplete land tenure registries, weak ecological baseline data, and limited spatial-planning capacity raise
early-stage uncertainty, increase transaction costs, and extend pre-construction development work, thereby
tightening the effective delivery window even where central coordination is strong [40]. Rapid scale-up
also increases demand for installation, construction, grid-connection, and operations roles, and shortages in
skilled labor and critical trades can become binding bottlenecks for simultaneous project delivery. The IEA’s
global energy employment assessment highlights skilled labor needs and shortages as a growing constraint
for the buildout of energy infrastructure and notes headwinds for grids and storage linked to shortages
of skilled workers [41]. Social license is therefore best treated as an upstream deliverability requirement:
it depends on institutionalized procedures that are perceived as fair, distributional arrangements that are
credible to host communities, and administrative systems that can process projects at the required tempo. It
also depends on land and ecological data systems and training pipelines that match deployment trajectories,
so that technically and economically feasible pathways do not fail at the point of execution. This framing
is consistent with the long-established view that social acceptance is multidimensional and coupled across
community, market, and socio-political domains, rather than substitutable by any single lever [42].

3.5 Model-Based Pathways: Feasibility, Assumptions, and Interpretation Limits
Integrated assessment models (IAMs), together with computable general equilibrium (CGE) models,

provide internally consistent scenario frameworks across sectors, regions, and time horizons, allowing net-
zero pathways to be compared on a common quantitative basis, including interactions among energy, land,
macroeconomic activity, and climate outcomes [43,44]. A recurrent warning in the literature, however, is
that IAM outputs are conditional on model scope and assumptions rather than practical situation, and that
limited representation of real-world delivery processes can be mistaken for real-world implementation [45].
Recent comment further argues that relying on IAMs alone is insufficient under polycrisis conditions,
where interacting social, ecological, and geopolitical stresses shape transition feasibility in ways only partly
represented in standard mitigation pathway modeling [46].

Methodologically, the risk of over-reliance is often traced to equilibrium framings and growth-first
baselines embedded in many mainstream IAM designs, where transitions are organized around intertempo-
ral optimization and cost minimization, and where smooth adjustment is largely achieved through unified
carbon pricing and marginal substitution across technologies [47,48]. Within these structures, energy service
demand is frequently treated as exogenous or represented through stylized price and income responses,
while delivery-relevant frictions such as permitting and grid-connection time constants, local governance
conflict and litigation, skills and organizational capacity, supply chain and manufacturing lead times, and
heterogeneity in financing conditions are more likely to enter as external constraints, scenario toggles, or ex
post filters rather than as endogenous dynamics that co-evolve with policy and social response. One stream
argues that feasibility should be treated as a coequal evaluative dimension alongside cost, with pathway
interpretation organized around disaggregated enabling conditions rather than a single optimal solution, and
with feasibility unpacked into assessable components that connect technical potential to initiative feasibility
and behavioral plasticity [49]. A second stream calls for more systematic incorporation of social variables
into IAM boundaries and core structures, emphasizing the need to ground modeling in social foundations
so that governance, institutions, and social processes become central determinants of transition dynamics
rather than residual factors appended to scenario narratives [50]. Fig. 4 synthesizes the five constraints
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discussed in Section 3 and highlights their cumulative relevance for deliverable net-zero transitions. Rather
than operating as isolated frictions, these constraints jointly shape whether supply-centered pathways can
be implemented on the required timescale. These constraints do not operate independently. In practice,
they often reinforce one another and can become cumulatively binding. For example, permitting and
interconnection delays extend development timelines, increase schedule uncertainty, and can raise financing
costs through higher risk premia and costs of capital. In turn, higher financing costs can weaken bankability,
delay investment decisions, and reduce the ability to absorb upstream and construction risks. Social license
constraints can further intensify these dynamics by prolonging permitting, increasing litigation risk, and
undermining policy predictability. The result is that deliverability is shaped not by any single bottleneck
alone, but by the interaction of institutional, financial, material, and social constraints across the project cycle.

Figure 4: Explanation of constraints to deliverable net-zero transitions.

4 Demand-Side Framing for Deliverable Net-Zero Transitions

4.1 Ideological Contestation: Growth-First Substitution Versus Demand Formation
Demand-side mitigation has been repeatedly marginalized in net-zero transition debates not because

it lacks mitigation potential, but because the dominant growth-first framing constrains what counts as a
legitimate policy problem [51,52]. In mainstream climate economics, the transition is often posed as an
efficiency problem in which an optimal carbon price internalizes the emissions externality while preserving
an assumed output trajectory, with welfare approximated through aggregate consumption and its discounted
intertemporal path [53]. This framing is embedded in widely used optimization-based IAM traditions, where
mitigation is largely operationalized as marginal substitution under price signals and where institutional
frictions are commonly treated as externalities to the core welfare problem rather than as co-evolving
constraints on delivery [43,54]. As a result, permitting, interconnection, and coordination are frequently
positioned outside the model core, even though they are central determinants of whether infrastructure can
be built within the remaining time window.

A contrasting critical tradition, often articulated through Marxian political economy and environmental
sociology, rejects the idea that demand is a neutral and exogenous preference set and instead treats demand as
institutionally produced through accumulation dynamics [55]. In this view, the externalization of biophysical
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and social risks contributes to the lock-in of high-throughput infrastructures that can be rational under
exchange value accounting but are not necessarily aligned with value provision or proportional welfare
gains. Planned obsolescence and shortened product lifetimes are analyzed as deliberate strategies that
sustain throughput and replacement demand, thereby maintaining material and energy flows even when
basic needs are already met [56]. Complementary empirical syntheses in the affluence literature argue that
consumption expansion driven by high income lifestyles and structural drivers can dominate aggregate
impacts, which limits the extent to which supply-side decarbonization alone can deliver absolute reductions
without addressing demand formation [57].

On this basis, the degrowth literature is operationalized here through the more policy-relevant concept
of service-based sufficiency, rather than treated as a simple opposition to economic growth. The core
proposition is that where exchange-value expansion diverges from use-value provision, policy should
prioritize use value by redesigning service provision systems to meet needs with less energy and material
throughput, while actively removing institutionally produced scarcity and waste [58]. This interpretation is
consistent with evidence that demand-side strategies can achieve substantial mitigation while maintaining
high levels of wellbeing when framed as avoid, shift, and improve at the level of services [59]. It is also
aligned with assessment work emphasizing that demand, services, and social dimensions are integral to
mitigation feasibility and should not be treated as secondary to technology substitution narratives. Fig. 5
shows that demand-side scholarship has grown substantially over the review period, although its disciplinary
base remains concentrated in a limited set of fields. This trend indicates rising interest in service-based and
sufficiency-oriented mitigation, while also suggesting that these approaches are still not fully integrated into
mainstream engineering, finance, and transition-delivery debates. As shown in Fig. 5a, publication volume
in demand-side studies increased markedly over the review period. The acceleration after major international
events such as the Paris Agreement likely reflects growing policy and scholarly attention to mitigation
pathways beyond technology substitution alone. More recent disruptions such as COVID-19 may also have
reinforced interest in system resilience, implementation capacity, and the reorganization of demand, further
broadening the discussion of service-based sufficiency.

Figure 5: Publication trends (a) and top 5 academic disciplines (b) of demand-side studies from 2014 to 2025.

4.2 Three Shifts: Operationalizing Demand-Side Action in Net-Zero Pathways
For demand-side action to become a viable and implementable option in net-zero transitions, it must

be integrated at the core of pathway design. Demand-side measures can cut emissions while maintaining



Energy Eng. 2026;123(8):12 13

high levels of well-being. The IPCC assessment now recognizes demand, services, and social dynamics as
central domains for mitigation. Scenario evidence highlights the practical implications of this shift. Lower
service demand can reduce the scale of supply transformation that must be delivered within constrained
time frames [60]. Recent syntheses reframe this agenda as “high with low,” making the logic of service design
explicit [61].

The first shift is an objective function shift. This shift moves the unit of success from aggregate output
and energy throughput to energy services. Energy services can be defined and tracked systematically through
the energy service cascade [62]. Service outcomes can also be benchmarked quantitatively. Studies on decent
living quantify the energy required to ensure basic service levels across countries [63]. Parallel literature
shows that many aspects of a good life do not require proportional increases in resource throughput. It links
this to pressures on planetary boundaries [64].

The second shift is a shift in the order of operations. Sequencing becomes a critical design choice. Avoid
should be prioritized first. Shift should follow. Improve should come last. If electrification and efficiency are
applied to a large baseline, capacity needs rise earlier, which increases the demands for networks and capital.
Global modeling evidence shows that demand-side strategies can significantly reduce supply-side investment
needs when they reduce baseline demand and peak levels [65]. The sequence also matters because rebound
effects can erode expected savings. Reviews of the evidence document direct rebound effects and broader
spillovers that can partially offset efficiency gains [66,67].

The third shift is a shift in the object and scale of analysis. This shift moves the focus from energy flows
and prices to service provisioning systems delivered within institutional, network, and upstream boundaries.
A flow-and-price framing tends to treat delivery frictions as marginal issues. However, a service-oriented
framework makes the core question operational. It asks how the same service can be produced with less
energy and material throughput. It compares provisioning configurations that differ in peak characteristics,
network dependence, and upstream material burdens. This is how delivery constraints emerge as key
differentiators in pathway comparisons, rather than as caveats to be included in the margins.

4.3 ASI as a Sequencing Framework for Demand-Side Mitigation
Avoid, Shift, Improve (ASI) was first formalized and operationalized in the transport sector. It emerged

from the recognition that vehicle efficiency improvements alone cannot reliably offset growth in travel
demand, modal lock-in, and the expanding infrastructure footprint associated with car-dependent mobility
systems [68]. Empirical pathway work in transport has therefore used ASI as a practical structuring device,
distinguishing measures that reduce activity levels, reallocate activity toward lower-energy modes, and
improve technologies and fuels [69]. The framework has since been generalized beyond transport and
adopted in mainstream climate governance and synthesis. Literature applies ASI across end-use sectors
and links it explicitly to wellbeing, showing that demand-side options span behavioral, infrastructural, and
technological domains and can deliver large emissions reductions relative to a supply-focused baseline while
affecting welfare outcomes [52].

In net-zero pathway design, the main contribution of ASI is that it makes sequencing and system scale
explicit. Avoid and Shift act on both baseline demand and peak loads; they change how much infrastructure
must be built and connected. Improve then operates on a smaller and less demanding system. Quantitative
energy-system analysis for passenger transport illustrates this logic. In a Germany case study, sufficiency
oriented Avoid and Shift strategies delivered impacts comparable to propulsion technology improvement
and reduced required generation capacity by roughly one quarter, indicating that demand reduction can
directly relax upstream capacity buildout and integration burdens [70]. Multi-model evidence at the global
scale likewise supports the importance of demand-side portfolios. Demand-side strategies in buildings and
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transport can enable rapid and deep emissions cuts to mid-century when combined with enabling policies
and infrastructures, reinforcing that demand-oriented measures are not marginal add-ons but can reshape
feasible transition trajectories [71].

ASI does not imply that demand-side measures are always cheaper or free of trade-offs. A recent study
on Chinese residential buildings quantifies demand-side packages and finds that an optimistic cost-effective
demand-side solution can cut cumulative emissions by 47 percent while also reducing net present value
system costs by 16 percent, and it stresses that achieving carbon neutrality requires coordinated progress in
upstream supply sectors rather than isolated end-use action [72]. Whole-life building strategy assessments in
Europe likewise classify measures using ASI and show that decarbonization outcomes depend on where and
when interventions occur across the life cycle, with diffusion potentials and impacts varying materially across
member states [73]. The practical implication is that ASI functions best as a disciplined way to construct
pathways. It reduces the risk that efficiency and electrification are asked to compensate for an oversized
baseline, while keeping attention on timing, infrastructure constraints, and upstream material and power-
system conditions that determine real-world deliverability.

4.4 How Demand-Side Strategies Ease Binding Constraints on Net-Zero Transitions
This section synthesizes evidence on how demand-side mitigation can relax five binding constraints on

net-zero delivery by lowering baseline service demand and, especially, reducing peaks [74]. The recurring
finding across the literature is that smaller and smoother demand profiles reduce the volume and simultaneity
of supply-side buildout, which is where delays, risk premia, and bottlenecks most often become binding [8].

Mineral constraints increasingly bind through processing capacity, lead times, and upstream externali-
ties, and demand-side strategies can reduce pressure by lowering material intensity and slowing required new
stock additions [75]. Scenario and supply-chain indicator work frames concentration and expansion pace
as feasibility limits, while major assessments map technology mineral dependencies and mineral-intensity
trajectories under substitution and circularity [76]. Evidence on upstream social and environmental risk
contexts explains why rapid extraction can trigger procedural and conflict costs [77]. Material-efficiency
research provides the most direct demand-side lever set, with quantified packages for buildings and vehicles,
stock-based modeling and prospective LCA, and synthesis showing that these strategies can reduce both mit-
igation task and material demand while requiring explicit trade-off assessment, including technology-chain
tests for solar PV bottlenecks [78,79].

Observed delivery timelines indicate that time constraints are shaped by institutional throughput and
network congestion, and demand-side measures can ease both by reducing the number of projects and
peak-driven upgrades that must be processed. Commissioning times have lengthened across technologies
and project sizes in a global sample, and interconnection evidence shows long lead times from request
to operation for projects that do proceed, increasing the value of pathways that reduce the construction
task. Evidence also shows that opposition can translate into procedural delay, that local siting ordinances
can materially restrict developable resources [6], and that automated permitting can shorten timelines for
standardized projects [80]. Reducing required buildout can therefore lower exposure to contested sites,
while administrative reforms improve throughput at the margin. Demand-oriented scenarios explicitly link
these constraints to the scale of supply expansion and show that downsizing the system transformation can
improve feasibility.

Financial feasibility is repeatedly shown to depend on the cost of capital and revenue risk, and
demand-side measures can improve bankability primarily by reducing peak capacity needs and limiting
overbuild [81]. Scenario analysis shows that region-specific WACC assumptions reshape portfolios and
deployment pace, and syntheses attribute high financing costs to priced risks such as macro conditions,
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currency and policy uncertainty, and execution structures, with empirical ranges documenting large cross-
region differences. Investment tracking confirms persistent regional imbalance [82], while demand-side
studies report comparable appraisal results in NPV terms and clarify how capture-price decline under high
variable renewables penetration feeds into risk assessment and financing outcomes [32].

Social license research links acceptance to delivery outcomes through process, distribution, and siting
rules, and demand-side mitigation eases these constraints mainly by reducing land and network pressure
and lowering the rate of simultaneous project delivery [83]. The social acceptance triangle remains a
core organizing framework, and meta-analysis identifies repeatable determinants such as trust, perceived
benefits, and procedural factors [84]. Project-level datasets connect contestation to delay and cancellation
outcomes. Spatial extrapolation shows that local ordinances can restrict developable resources; distributional
design through ownership and community benefits matters for acceptance; critique highlights intra-
community heterogeneity; and labor and skills shortages constrain parallel delivery capacity [85]. Smaller
build requirements therefore reduce exposure to these binding channels.

Modeling debates show that feasibility cannot be inferred from cost-optimal trajectories alone when
delivery processes and social dynamics are weakly represented, and demand-side work improves testa-
bility by representing services and lifestyles more explicitly. Reviews summarize persistent critiques of
IAM assumptions and transparency, and energy-system modeling highlights gaps in resolution, openness,
and representation of behavior and social risk. Demand-side approaches are increasingly operationalized
through explicit lifestyle and service representation [86], feasibility frameworks that separate technical
potential from initiative feasibility and behavioral plasticity, and scenario families that reduce reliance on
large-scale carbon removal by shrinking the supply-side task, including service-based low-energy-demand
pathways, service-based sufficiency consistent implementations in IAM settings [87], and multi-model
benchmarks for buildings and transport.

Additionally, these constraints should not be understood as operating independently. In practice, they
often reinforce one another. For example, permitting or interconnection delays can extend project timelines
and increase perceived risk, which in turn raises financing costs through higher risk premia and weakens
bankability. Likewise, material shortages, labor constraints, or local opposition can slow delivery, increase
costs, and further intensify financing and implementation challenges. This does not imply, however, that
smaller-scale or more distributed pathways are frictionless. Large numbers of distributed retrofits, rooftop
PV systems, or other modular interventions may create their own administrative, coordination, permitting,
and interconnection burdens. However, these challenges often differ in form and may be less systemically
binding than those associated with fewer large utility-scale projects, particularly with respect to siting
conflict, project-level risk concentration, long lead times, and major network expansion requirements.

5 Implementing Service-Based Sufficiency for Net-Zero Energy Transitions
This section translates the evidence reviewed in Sections 3 and 4 into practical steps for service-based

sufficiency. Once net-zero is stated in terms of service outcomes, and Avoid, Shift, then Improve is treated
as an ordering choice, the key question becomes how to make that ordering visible in decisions made
before large investments are committed. In practice, this means specifying service targets and sequencing
expectations in planning standards, permitting and siting procedures, grid interconnection processes, tariff
design, procurement rules, and financing terms. The aim is pragmatic: to improve deliverability under the
five constraints identified in Section 3 without assuming a wholesale redesign of the economic system.

A service-based transition also requires decision metrics that describe services, not only energy
volumes. Aggregate installed capacity remains a useful system statistic but is insufficient as a decision
criterion. Complementary indicators include hours of thermal comfort achieved under specified indoor
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conditions, door-to-door accessibility within travel-time thresholds, productive floor area per occupant
under comfort constraints, durability and repairability scores for manufactured goods, and peak load per
unit of service. Used consistently, these metrics enable like-for-like comparisons among designs that deliver
the same or better services with lower energy and material intensity. They also clarify how projects should be
evaluated and how revenue and appraisal frameworks can be aligned with the objective of a smaller system
and lower peaks.

Across the reviewed studies, three types of measures are most often discussed for putting service metrics
into practice. First, a minimum level of essential energy services can be guaranteed through universal service
obligations delivered by regulated providers. In a globally just transition, such floors should be calibrated to
secure essential services where basic needs remain unmet, especially in low- and middle-income settings. By
contrast, in high-consumption contexts, service-based sufficiency is less about constraining basic provision
than about reducing excessive or high-intensity demand above the guaranteed floor. The guarantee is defined
in service terms, not commodity volumes, and typically covers thermal comfort under specified indoor
conditions, clean cooking, essential door-to-door accessibility, and productive electricity. Above the floor,
affordability and efficiency can be aligned through progressive, service-indexed blocks while maintaining
market-based pricing [88]. In parallel, participatory planning can move service targets and siting rules
earlier in the process through periodic, statutory regional and municipal procedures. When benefit-sharing
arrangements and clear timelines for objections and decisions are specified in advance, social license is
addressed before projects reach late-stage approval.

Second, peak governance can be strengthened by combining sequencing with organization and pricing.
Where assets are modular and network effects matter, such as district-scale thermal networks, building-
fabric retrofits, and high-frequency public and active mobility, many studies emphasize repeatable workflows
and standardized components. In these contexts, a public option alongside regulated private delivery can
shorten supply chains and support modular deployment. Pilots of staggered schedules with public employers
and anchor firms, combined with service-based tariffs and district-level flexibility markets, can reduce
synchronized peaks and lower network reinforcement needs before scaling Improve measures. Large-scale
field evidence indicates that incentive-based demand response can reduce peak load while maintaining
protections for vulnerable groups [89]. These measures shift effort from adding capacity toward managing
demand and upgrading existing stocks. They also improve bankability by making investment needs more
gradual and revenues easier to justify for projects close to where energy is used.

Third, delays and integration frictions can be reduced through better data, standards, and finance.
Open spatial datasets for land tenure and ecological constraints, hosting capacity maps for distribution
and transmission, and common technical standards for building-to-grid and district-to-grid operation can
reduce search and compliance costs and make it easier to plan smaller projects near demand. Hosting capacity
assessment is increasingly used as a decision-relevant planning tool [90]. On the end-use side, durability,
repairability, and circularity standards for appliances and mobility devices, paired with spares availability,
design-for-disassembly, and service-life extension in public procurement, can reduce material demand per
unit of service and ease upstream rigidity without triggering new extractive surges [91]. Finance can reinforce
these choices when it rewards outcomes that reduce delivery time and risk, not only low levelized cost.
Development banks and green funds can evaluate proposals using services delivered per unit of energy and
materials, alongside practical delivery measures such as expected peak reduction, expected interconnection
lead time, and construction and integration risks. Instruments such as revenue floors indexed to service
outcomes, standardized performance-based payments, and credit enhancement for portfolios of smaller
projects can strengthen debt-service coverage and reduce risk premia, thereby improving the likelihood of
closing financing.
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Hence, these measures place service-based sufficiency within existing governance and market struc-
tures. Guaranteed service floors stabilize expectations and focus Avoid and Shift efforts above the floor.
Peak-aware organization and service-indexed pricing reduce synchronized peaks and improve bankability.
Open data, hosting capacity assessment, and common technical standards reduce siting and integration
frictions. Durability and repair requirements reduce material pressure per unit of service. Finance that
accounts for delivery time and risk helps direct capital toward smaller, repeatable projects close to demand.
The resulting system is smaller and more bankable, with higher acceptance and greater decision relevance
for modeling and planning, directly addressing the constraints that will determine whether net-zero can be
delivered on time.

Fig. 6 summarizes this shift from supply-side expansion toward service-based sufficiency by showing
how service-oriented planning, ASI sequencing, and delivery-aware finance and regulation can reduce
project scale, ease system bottlenecks, and improve the real-world deliverability of net-zero transitions.

Figure 6: Shifting from supply-side expansion to service-based sufficiency.

6 Conclusion and Future Work
This review examined what determines the deliverability of net-zero energy transitions under real

institutional and biophysical limits. Section 3 synthesized evidence on five constraints that repeatedly shape
buildout outcomes, namely permitting and interconnection lead times, finance as feasibility, upstream
rigidity in critical minerals and manufacturing, social license, and model overreliance. Section 4 reviewed
demand-side approaches in relation to supply-centered framings, clarified the shift from energy quantities to
service outcomes, and organized the demand-side evidence using Avoid, Shift, then Improve, including how
existing studies address each of the five constraints through demand-side strategies. Section 5 then translated
these findings into implementation steps in planning, regulation, and finance.

Across the reviewed literature, the central message is concrete. Deployment outcomes are often
determined by project timelines and queues, the cost and structure of capital, limits in manufacturing and
material supply, and governance conditions that affect siting and acceptance. When strategies are assessed
mainly in energy volumes or capacity additions, they can obscure how quickly services can be secured, how
many projects must be permitted and connected, and how exposed the pathway is to financing and upstream
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constraints. Expressing objectives in service units and treating Avoid, Shift, then Improve as an ordering
choice provides an operational way to lower peak demand and reduce the number and scale of projects
that must be delivered. In practical terms, this reduces exposure to permitting bottlenecks, interconnection
backlogs, debt and risk premia, and upstream supply limits.

The synthesis implies several changes in how decisions are prepared and evaluated. Planning and
appraisal can compare portfolios on services delivered per unit of energy and materials and on peak
requirements relative to service needs, rather than relying on capacity totals alone. Regulation and tariff
design can specify minimum service outcomes and incentives that discourage synchronized peaks. Finance
can evaluate proposals using delivery-relevant measures, including expected peak reduction, expected
interconnection lead time, and construction and integration risks, alongside cost. Modeling regains decision
relevance when it reports results in common service units, makes sequencing assumptions explicit, and
represents permitting, interconnection, financing, and upstream limits as binding where warranted by
empirical evidence.

Future work should strengthen the evidence base in at least nine areas. First, service-based metrics
need clearer operational definitions, shared data standards, and validation across climates and settlement
patterns, particularly for thermal comfort, accessibility, and productive electricity. Second, stronger empirical
identification is needed on how Avoid and Shift interventions change peak demand, interconnection needs,
and network reinforcement, including distributional impacts and possible rebound. Third, research on
bankability should move beyond generalized cost curves to test revenue designs and credit structures
for service-oriented interventions, including how debt-service coverage evolves when projects are smaller,
modular, and closer to demand. Fourth, upstream impacts require more consistent quantification, including
how durability, repairability, and circularity standards change material demand per unit of service and how
these changes interact with manufacturing capacity. Fifth, social license needs measurement. Comparative
studies should examine which procedural designs, benefit-sharing arrangements, and information practices
reduce delays, litigation, and cancellation risk in siting and permitting. Sixth, more evidence is required from
low- and middle-income settings, where service deficits, public finance capacity, and debt exposure differ
materially from high-income contexts, and where sequencing Avoid, Shift, then Improve must distinguish
basic service provision from high-intensity consumption. Seventh, innovation and employment implications
remain under-specified. Empirical work should quantify how a shift toward retrofits, maintenance, repair,
and system integration affects skill formation, job stability, and regional value creation relative to cyclical
megaproject buildouts. Eighth, modeling research should systematically test outcomes under explicit ASI
sequencing and under empirically grounded representations of institutional lags, interconnection queues,
and financing conditions, rather than assuming improvements first. Ninth, future work should examine the
political economy of ASI sequencing, including the governance models, coalition-building strategies, and
institutional innovations needed to prioritize Avoid and Shift measures, which often face stronger resistance
from incumbent actors than Improve-oriented or supply-side solutions.

This review has limitations. It relies primarily on English-language journal literature, and concepts
and metrics are heterogeneous across disciplines. Even so, the reviewed evidence supports a consistent
conclusion. Net-zero delivery is decided at the interface of projects, institutions, networks, and upstream
constraints. A service-based framing, explicit sequencing, and delivery-aware decision metrics provide a
practical basis for designing and evaluating pathways that can be financed, permitted, built, and socially
accepted within the remaining time window.
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