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ABSTRACT
The decarbonisation of the existing building stock is essential to achieving climate targets, yet retrofit research continues to evaluate pathways predominantly through technical, ecological, or economic indicators, while implementability under real conditions remains insufficiently explored. This paper advances a structured concept of implementability, defined as the condition under which a technically and economically assessed retrofit pathway can be realised as a viable option within the socio-institutional context of an occupied building, and distinguishes it from adjacent concepts such as technical feasibility, economic viability, and social acceptability. Implementability is treated as a multi-dimensional threshold concept encompassing governance alignment, institutional permissibility, operational manageability, financing capacity, and occupant compatibility. This framing draws on institutional theory, agency theory, and socio-technical transition theory, applied from the outset of the analytical framework rather than reserved for post-hoc interpretation. A mixed-method single-case design is applied to a 1957 post-war residential building in Vienna. Three retrofit pathways of graduated intervention depth (Low, Medium, and High) were assessed through life cycle assessment (LCA), life cycle costing (LCC), and semi-structured expert interviews, with qualitative findings used to interpret and contextualise quantitative results rather than as parallel evidence streams. The primary contribution is not to identify the technically or computationally superior scenario, but to examine under what conditions each scenario can be realised as a viable option within Vienna’s occupied housing stock. The Medium scenario achieved the most favourable long-term ecological and economic balance. Although the High scenario performed best in selected energy indicators, it proved less robust once embodied impacts, operational complexity, occupied-building constraints, refinancing limits, and long-term manageability were considered. High-invasive pathways became particularly unstable where multiple implementability thresholds converged simultaneously. Limitations include the single-case design and the restriction of qualitative data to professional decision-makers, with occupant perspectives absent.
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1. INTRODUCTION
The decarbonisation of the existing building stock is one of the most pressing challenges in meeting European and international climate targets. The Paris Agreement (United Nations, 2015) and the European Green Deal (European Commission, 2019) establish binding commitments that place the transformation of existing buildings at the centre of scientific, economic, political, and social debate. With approximately 80% of buildings currently in existence projected to remain in use in 2050 (WEF, 2022), renovation of the existing stock is a structural imperative. The urgency is compounded by the growing vulnerability of the building stock to climate change, by energy security pressures following the European gas crisis, and by rising heating and cooling costs.
The policy question has therefore shifted: it is no longer simply whether existing buildings should be retrofitted, but which retrofit pathways and levels of intervention are technically feasible, ecologically promising, legally permissible, economically viable, and socially, operationally, and institutionally implementable under real conditions (DeTroy et al., 2025; Heinz et al., 2025; Johansson, 2023; Yan et al., 2026). Current research is only partly equipped to address this challenge. Assessments remain largely organised along disciplinary and sequential lines (Heinz et al., 2025): technical and ecological studies identify preferred options through energy and LCA indicators (Kovacic et al., 2015; Luo et al., 2025; Oikonomou et al., 2026); economic studies evaluate pathways through investment and lifecycle cost analyses (Campagna et al., 2025; Suppa et al., 2026); and social or governance dimensions are addressed separately, if at all (Gutland et al., 2024). Each perspective is coherent within its own logic, but the difficulty arises when these disciplinary assessments are assumed to remain decisive in real decision-making contexts: where the technically superior option may appear too risky, too disruptive, or insufficiently permissible under regulatory or social conditions. Existing approaches thus fail to capture situational criteria, implementation conditions, and social dynamics with sufficient depth (Panakaduwa et al., 2025). This raises a fundamental question: to what extent can current models indicate which retrofit pathways remain feasible under practical conditions?
This study addresses that gap. Its central argument is that retrofit pathways must be evaluated not only in terms of optimisation but in terms of implementability, a concept that requires explicit definition and theoretical grounding. In order to do so, this paper employs a mixed-method single-case design based on a real use case, and is structured as follows. Section 2 establishes the theoretical and policy context. Section 3 describes the research methodology, including scenario development, LCA and LCC methods, and the expert interview framework. Sections 4 and 5 present the ecological and economic assessment results respectively. Section 6 synthesises findings through an integrated eco-economic evaluation. Section 7 reports expert perspectives on barriers and enablers of renovation. Section 8 discusses implications and limitations, and Section 9 offers conclusions and an outlook for future research.
2. BACKGROUND AND THEORETICAL FRAMEWORK
2.1 The European Renovation Imperative
The European Green Deal (European Commission, 2019) and the Renovation Wave strategy (European Commission, 2020) establish renovation of the existing building stock as a structural policy priority: approximately 75% of EU buildings are energy-inefficient, and only about 1% undergoes energy renovation annually. The Energy Performance of Buildings Directive (EPBD) requires Member States to develop long-term renovation strategies, while Austria’s National Energy and Climate Plan (NEKP) targets at least 3% annual renovation of the public stock. The Austrian building stock, characterised by a high share of pre-1970 construction with significant energy efficiency deficits, faces rising energy costs and energy poverty pressures that strengthen the economic and social case for deep renovation.
2.2 Post-War Building Stock: Characteristics and Challenges
Post-war residential buildings in Austria (1945–1960) were constructed under acute housing shortage conditions, prioritising speed and volume over thermal performance. Typical construction, hollow block masonry walls, reinforced concrete slabs, simple plastered façades without insulation, resulted in U-values for external walls in the range of 1.0–1.5 W/m²K. Material heterogeneity (including recycled wartime debris), incomplete documentation, and complex ownership constellations, typical of closed perimeter block developments (Blockrandbebauung), complicate renovation planning and make the concept of the material building passport (Honic et al., 2021) particularly relevant for this typology. Post-war buildings account for approximately 11% of Vienna’s stock (Statistik Austria, 2023) and exhibit systematically poor energy performance.
2.3 Literature Review: Retrofit Assessment Frameworks
2.3.1 Defining Retrofit
Following Gutland et al. (2024) and Zhivov and Lohse (2020), this paper distinguishes three intervention levels. Low refers to targeted thermal measures retaining the existing supply structure (shallow retrofit). Medium extends envelope measures with supporting changes to the energy system. High represents a deep retrofit achieving at least 50% site energy reduction through comprehensive thermal upgrading and fundamental reorganisation of energy supply and distribution (Medrano-Gómez et al., 2025; Mohammadpourkarbasi et al., 2023).
2.3.2 Performance Indicators and the Decarbonisation Logic
The retrofit literature, especially work on deep retrofit and the decarbonisation of existing buildings, still largely follows a performance-based logic. Preferred solutions are identified through technical, energy-related, or ecological indicators including thermal conductivity, Coefficient of Performance (COP), Global Warming Potential (GWP), Heating Demand (HD), Final Energy Demand (FED), and waste or recycling potential (Boskovic & Cullen, 2025; Gutland et al., 2024; Kovacic et al., 2015). While deep retrofits generally achieve the greatest lifecycle ecological improvements (Summer, 2012), current models leave key conditions unaddressed: tenant structure, ownership constellations, temporary relocation needs, and organisational effort. As the International Energy Agency (IEA) has noted, technical performance data alone cannot explain renovation rates (IEA, 2023).
2.3.3 Economic Assessment and Life Cycle Costing
Alongside technical and ecological rationality, economic viability forms a central decision boundary in retrofit projects. Life cycle costing (LCC) analyses demonstrate that initial costs, representing only ~20% of total lifecycle expenditure (Kovacic, 2025), are insufficient for assessing retrofit pathways; a 50-year view capturing energy, maintenance, and replacement costs is necessary (Campagna et al., 2025; Di Giuseppe et al., 2017; Suppa et al., 2026). In this study, LCC is treated as essential but not sufficient: it remains model-based and cannot capture financing feasibility, actor time horizons, or willingness to take on debt, conditions that must be addressed through complementary qualitative analysis.
2.3.4 Social and Governance Dimensions
Human factors and governance-related conditions constitute another central criterion determining whether deep retrofits can be implemented (Heinz et al., 2025; Johansson, 2023). In this study, implementability is understood as a distinct analytical dimension that differs from adjacent concepts: whereas feasibility denotes technical possibility and viability denotes economic rationality, implementability refers to the cross-dimensional condition under which a retrofit pathway remains a stable option across the full set of institutional, organisational, financial, social, and regulatory constraints that actors actually face. It is thus a socio-technical threshold concept, not a property of the building system alone. This framing distinguishes implementability from acceptability (which addresses social preferences) by emphasising the structural conditions that constrain choice independently of preference. Implementability is conceptualised as a threshold concept with five analytically distinct but empirically interdependent dimensions: (1) governance alignment: the degree to which ownership structures, decision-making procedures, and institutional rules support coordinated action; (2) institutional permissibility: the degree to which formal rules (tenancy law, heritage protection, building codes) and informal norms (risk aversion, ‘existing-stock rationality’) permit the pathway; (3) financing capacity: the degree to which the investment can be refinanced within the constraints of the rental market and ownership structure; (4) operational manageability: the degree to which the resulting system can be operated and maintained with available expertise and organisational resources; and (5) occupant compatibility: the degree to which the pathway can be realised without unacceptable disruption and the resulting system operated correctly by residents (Böckl et al., 2025; Yan et al., 2026). Implementability thresholds collapse where multiple dimensions simultaneously approach their limits.
Two theoretical perspectives are analytically central to this study, and are introduced here rather than deferred. Institutional theory highlights how formal rules, such as tenancy law (Mietrechtsgesetz), municipal procurement norms, and subsidy structures, and informal norms (including risk aversion and incremental renovation cultures) create path dependencies that favour shallow interventions and constrain the effective decision space from the outset (Eichhammer et al., 2021). Ownership structure is therefore not merely an empirical finding in this study; it is a constitutive condition that shapes which pathways are available before any technical assessment begins. Agency theory addresses the persistent split incentive between building owners (who bear upfront investment costs) and tenants (who benefit from operational savings), a misalignment that structural rent regulation in Austria systematically reinforces. Together, these perspectives explain why technically superior retrofit options frequently remain unrealized, not due to technical failure, but due to institutional misalignment.
Socio-technical transition theory (Geels, 2002) provides a further lens, framing building renovation not as a series of individual technical decisions but as a regime-level challenge requiring coordinated change across technology, infrastructure, regulation, and user practice. In Vienna’s context, this perspective illuminates a specific tension: the district heating network (a dominant socio-technical regime element) shapes ecological outcomes in ways that building-level energy performance metrics obscure. A retrofit pathway that severs the district heating connection may reduce final energy demand while increasing short-term GWP under the current energy mix, because it departs from a supply regime whose decarbonisation trajectory remains uncertain. Implementability, from this perspective, is not only a property of individual buildings and their owners, but of the broader socio-technical regime within which they are embedded.
Although some studies address user preferences in relation to retrofit measures (Yan et al., 2026), no systematic analysis could be identified that examines whether, and at what point, specific retrofit pathways drop out of the effective decision space.
2.3.5 Decision Space and Integrated Assessment Frameworks
In classical decision theory, the decision space refers to the range of possible outcomes from a given set of initial conditions (Rizk & Lindgren, 2025). In this study, the term is used more broadly to include not only the technical, ecological, and economic indicators addressed in existing models, but also those factors that have been neglected or only partially captured. The decision space relevant here cannot be fully defined in advance; it must be reconstructed and sharpened gradually through analysis.
The sectoral decision space refers to the overall space shaped by all actors involved, structured by sequential assessment logics that often operate in isolation. An integrated decision space, by contrast, treats the assessment as simultaneous and cross-dimensional. The integration of LCA and LCC within a single decision-support framework enables explicit analysis of trade-offs between environmental and economic dimensions (trade-offs that in renovation practice are frequent and consequential). Austrian standards ÖNORM B 1801-1, B 1801-2, and B 1801-4 provide a normative basis for consistent LCC analyses in the Austrian context, while DGNB/ÖGNI (ÖGNI, 2026) certification systems offer additional benchmarking reference.
2.4 Research Gap and Paper Objective
The state of the art review on building retrofit leaves key questions of implementability unresolved. Current models capture real implementation barriers only to a limited extent, and reflect real exclusion criteria, critical thresholds, and the social dynamics of retrofit processes only partially. It remains unclear how retrofit scenarios shift from being technically, ecologically, or economically preferable to becoming unfeasible in practice, and at which points they lose their status as real implementation pathways.
This study addresses that gap. Using a concrete use case, it examines how and why retrofit pathways with different levels of intervention are understood, assessed, constrained, or rejected by different actors, and under what conditions technically advantageous options lose stability when they encounter the social, economic, institutional, and operational realities of existing buildings.
3. METHODOLOGY
3.1 Research Design
This study employs a mixed-method longitudinal case study; combining quantitative lifecycle analysis (LCA and LCC) with qualitative expert interviews. The three methodological components are not parallel but sequentially integrated: LCA and LCC first establish the performance and cost profile of each scenario under modelled conditions; expert interviews then serve an interpretive and theory-building function, reconstructing which of those scenarios practitioners and decision-makers would regard as genuinely viable, and why. Where tensions arise between quantitative rankings and qualitative assessments of viability, these are not treated as methodological problems to be resolved but as analytically productive findings: the gap between modelled optimality and practical implementability is itself the central object of analysis. The design is structured around a representative case study building in Vienna and three systematically defined renovation scenarios. The research does not seek generalisation to all post-war residential buildings in Austria; rather, it provides a methodologically transparent and reproducible framework applicable to comparable building typologies. The ecological analysis was conducted by Aigner (2025) and the economic analysis by Dilber (2026); the present paper synthesises both in an integrated assessment and extends these insights through expert interviews to capture socio-technical dimensions.
3.2 Case Study Building
The case study building is a residential complex in Vienna’s third district, constructed in 1957: a freestanding multi-storey reinforced concrete skeleton building with hollow clay brick infill walls, ribbed slabs, and district heating connection, with a gross floor area of approximately 11,750 m². In 2007, the building underwent a façade renovation (ETICS with EPS insulation, aluminium cladding) that left technical systems unchanged; this partial renovation forms the Low scenario baseline. Detailed documentation was obtained via archive research at the Vienna Building Authority (MA37), site visits, and a BIM model (ArchiCAD, LOD 250–300). The case was selected for its typological representativeness of Vienna’s post-war stock, structural flexibility for multi-scenario modelling, data availability, and its capacity to expose real implementation thresholds rather than hypothetical ones.
3.3 Scenario Development
Three renovation scenarios of graduated intervention depth were developed in consultation with technical experts, drawing on the literature review and verified with HVAC practitioners. Potential measures were first identified and assigned to four categories (thermal upgrading, energy carrier, energy distribution, and hot water supply) then assessed for theoretical and physical suitability in the case building, taking into account possible heritage constraints, compliance with Austrian standards (ÖNORM), and installation conditions or compatibility with existing systems. More experimental approaches were excluded to maintain plausibility and practical relevance.
Low corresponds to the 2007 façade renovation as implemented. It encompasses external thermal insulation composite system (ETICS) using expanded polystyrene (EPS) insulation with aluminium cladding, achieving a reduction in heating energy demand through thermal upgrading of the façade. Window replacement, top-floor ceiling insulation, and basement ceiling insulation are excluded. No changes were made to the technical building systems. This scenario represents the minimum intervention depth and forms the baseline for comparison.
Medium builds on the Low baseline and extends it through additional envelope measures and supporting system adjustments: increasing external wall insulation from 12 cm to 16 cm; replacing EPS with hemp insulation; timber cladding instead of aluminium; insulating the top-floor ceiling and roof terrace; replacing windows; adding external shading; installing photovoltaic panels on both roofs; introducing decentralised hot water supply; hydraulically balancing the existing district heating system; and enabling night cooling. This scenario achieves a moderate level of intervention and represents a practically feasible upgrade pathway.
High represents a deep retrofit with comprehensive thermal upgrading and a fundamental reorganisation of energy supply and distribution. It includes serial timber-frame façade modules with integrated new windows; additional insulation of the basement ceiling; roof and façade photovoltaics; air-source heat pumps for heating and cooling; a district heating connection reduced to a minimum of 20%; and replacement of radiators and retrofitted air-conditioning units with heating and cooling ceilings. Unlike Low and Medium, which retain and gradually extend the existing supply logic, High represents a qualitative shift in the thermal and energy system, corresponding to near-current state-of-the-art renovation practice.
3.4 Ecological Analysis (Life Cycle Assessment)
The ecological analysis (Aigner, 2025) was conducted using the lifecycle assessment (LCA) framework in accordance with the methodology of the Austrian Institute for Ecological Building (Österreichisches Institut für Bauen und Ökologie, IBO) (IBO, 2023). The LCA covered lifecycle modules A1–A3 (product stage: raw material extraction, transport, and manufacturing), B4 (use stage: replacement), and C1–C4 (end-of-life stage: deconstruction, transport, waste processing, and disposal).
As the main environmental indicator Global Warming Potential (GWP) as the CO2 equivalent was chosen;  wereby the embodied GWP (GWPembodied= production and end-of-life phases), operational GWP (GWPoperational, energy consumption during use phase), and total GWP (GWPtotal = GWPembodied +GWPoperational). Results are expressed in kgCO₂e/m²GFAa (GFA- gross floor area) unless otherwise stated. Operational energy performance was determined through scenario-specific energy certification based on the BIM models using ArchiPHYSIK tool in accordance with OIB Guideline 6 (Archiphysik, 2026; IBO, 2023). Break-even point analysis identified the timeframe at which the embodied ecological investment in renovation measures is recovered through operational savings.
3.5 Economic Analysis (Life Cycle Costing)
The LCC analysis (Dilber, 2026) applies the net present value (NPV) method in accordance with ÖNORM B 1801-4, with a reference period of 50 years and a reference year of 2007, corresponding to the year of the Low scenario's implementation. The four primary cost components are: (1) initial construction/renovation costs, calculated in accordance with ÖNORM B 1801-1 using a layer-oriented cost allocation by building component structured through cost groups 2 (load-bearing construction) and 4 (interior construction, excluding HVAC); (2) operational and energy costs, derived from energy performance certificates and projected using documented energy price increase rates; (3) maintenance and repair costs; and (4) replacement costs based on standardised service life cycles for each component layer.
Cost benchmarks were sourced from the German construction cost index (Baukostenindex, BKI) and adjusted for the Vienna construction market using Statistik Austria data (Statistik Austria, 2026). All costs are expressed in reference-year euros (2007). Sensitivity analyses were conducted for three discount rates : 2%, 4%, and 5.5%, selected to reflect the prevailing interest-rate environment, with particular reference to Euro Interbank Offered Rate (Euribor, 2026) and European Central Bank levels (ECB, 2026). Reference service lives and replacement cycle assumptions were drawn from the ÖGNI certification system (ÖGNI, 2026). Differentiated energy price increases and component-specific service lives were taken into account; cleaning and demolition costs were excluded. The LCC results were subsequently integrated with the LCA findings to enable an eco-economic comparison of the retrofit scenarios.
3.6 Expert Interviews
Three expert interviews were conducted as part of the qualitative component of the study. The interviews were semi-structured, lasting approximately 60–90 minutes, and were recorded and transcribed. The interviewees were selected to represent distinct professional perspectives on the renovation process.
Expert A, with more than 40 years of experience, is a building physicist and renovation specialist with extensive practical experience in residential retrofitting projects, particularly in the Viennese cooperative housing sector. The interview addressed technical approaches, implementation barriers, governance structures, and user-centred considerations in renovation practice.
Expert B, with 15 years of experience, is a facility and energy management executive at a large public real estate holding. The discussion provided comparative perspectives on technical system lifespans, phased renovation strategies, and institutional procurement barriers.
Expert C, with more than 30 years of experience, represents the perspective of a major private real estate investor with a portfolio of approximately 300 properties totaling 1.3 million m² of rentable space. The interview addressed investment logic, return considerations, regulatory constraints (rent control, heritage protection), and the conditions under which renovation investments are economically viable from an investor's perspective.
Interview data were analysed thematically, with key themes identified deductively from the research framework and inductively from the interview content. The analysis focused on barriers and enablers of renovation across technical, economic, and socio-technical dimensions.
4. ECOLOGICAL ASSESSMENT
4.1 Material Composition and Building Material Passport
A material building passport was developed for each scenario. Material input increases with intervention depth, from ETICS facade insulation (Low), through PV and partial heating system replacement (Medium), to full MEP infrastructure replacement and comprehensive envelope insulation (High), illustrating the fundamental tension between embodied material impacts and operational savings. 
4.2 LCA and Eco-efficiency
The lifecycle analysis reveals marked differences between scenarios in both embodied (grey energy) and operational (red energy) carbon components. The existing building has high operational GWP driven by fossil fuel-based district heating and an uninsulated envelope (see Fig. 2). The Low scenario achieves a modest reduction in operational energy demand through improved envelope performance but does not substantially alter the energy system. The Medium and High scenarios achieve progressively greater reductions in operational GWP by replacing a greater proportion of fossil-sourced energy with renewables, at the cost of higher embodied GWP from additional materials and system components (see Fig. 1).
Break-even point analysis demonstrates that the ecological investment in renovation measures is recovered within approximately 10–18 years, depending on scenario and ecological indicator. The High scenario, requiring the greatest initial embodied investment, achieves the fastest GWP payback due to superior operational performance. However, the break-even period is sensitive to assumptions about grid electricity carbon intensity and future district heating decarbonisation trajectories.
A noteworthy finding is that the High scenario does not clearly outperform the Medium scenario across the main environmental indicators. Instead, the Medium scenario records the lowest total GWPtotal at 12.2 kgCO₂/m²a, compared with 13.8 kgCO₂/m²a for the High scenario (see Fig. 3). Although the High scenario performs better in terms of Heating Demand and Final Energy Demand, the shift from district heating to an electricity-based supply system leads to slightly higher GWPoperational under the assumed energy mix (see Fig. 4). This demonstrates a critical principle: lower energy consumption does not automatically yield a better GWP balance. The carbon intensity of the underlying energy system remains a decisive factor.
The LCA results are corroborated across the range of ecological parameters considered. Absolute differences between Medium and High narrow when the full lifecycle (including end-of-life) is assessed and embodied impacts are appropriately weighted. Circularity-related indicators vary only marginally between scenarios and do not affect the overall ranking (see Fig 5). Under the given system conditions, the Medium depth of intervention provides the most favourable long-term environmental balance.
















	



























5. LIFE CYCLE COST ANALYSIS
5.1 Cost Structure
The LCC analysis covers four cost categories over a 50-year reference period (base year 2007): initial construction, operational/energy, maintenance, and replacement costs (ÖNORM B 1801-1/-4). Initial investment increases monotonically with intervention depth but represents only 20–25% of total lifecycle costs; operational and energy costs (40–50%) are the dominant differentiator between scenarios. A critical finding is that technical systems introduced in the Medium and High scenarios (heat pumps, PV inverters, ventilation units) have service lives of 15–20 years, far shorter than structural components (40–60 years), generating replacement cycles that substantially increase lifecycle costs. Expert A noted that poorly planned heat pump installations can fail within 10 years, making commissioning quality a key cost risk factor.
5.2 Comparative Scenario Evaluation
The aggregate lifecycle cost comparison, based on NPV at a real discount rate of 2%, identifies the Medium scenario as the most cost-efficient option, achieving a cost advantage of approximately 5.5% relative to both Low and High. The Low scenario saves on initial investment but is penalised by higher operational energy costs over the reference period; the High scenario achieves the lowest operational energy costs but is penalised by higher initial investment and replacement costs.
The Medium scenario represents an efficiency sweet spot: it achieves substantial reductions in operational energy demand at a moderate initial cost premium, with a replacement cycle profile less capital-intensive than the High scenario. This underscores the importance of a lifecycle perspective in renovation planning: the economically optimal renovation depth is not necessarily the most ambitious in terms of energy performance.
The economic ranking is sensitive to the discount rate applied (see Figures 6-8). At a discount rate of 2%, the Low scenario has the highest total costs at €18.50 million, followed by the High scenario at €16.59 million, while the Medium scenario shows the lowest LCC at €15.17 million. At a discount rate of 4%, the High scenario remains most expensive at €12.10 million, with Medium at €10.60 million and Low at €10.03 million. At 5.5%, the High scenario still leads at €10.24 million, followed by Medium at €8.69 million, with Low recording the lowest value at €7.62 million. Expressed per GFA at 5.5%, the High scenario reaches €738.29/m², Medium €632.94/m², and Low €530.24/m².
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Figure 6: LCC comparison at 2% discount rate.
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	Figure 7: LCC comparison at 4% discount rate.
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Figure 8: LCC comparison at 5.5% discount rate.

The LCC breakdown shows a clear shift in cost shares across scenarios. As intervention depth increases, initial construction costs rise while energy costs decrease significantly. Medium and High remain relatively close in replacement and long-term energy costs, suggesting that investment beyond the Medium level generates only limited additional economic return. From an economic perspective, the Medium scenario offers the most balanced compromise between investment level, energy cost reduction, and reduced exposure to future energy price volatility.



5.3 Summary: Comparative Performance of Renovation Scenarios

	Parameter
	EXISTING
	LOW
	MEDIUM
	HIGH

	Initial Investment (relative)
	-
	Low
	Moderate
	High

	Operational Energy (kWh/m²a, approx.)
	~180
	~120
	~70
	~30

	Total LCC – NPV 50yr (relative)
	N/A
	High
	Lowest (−5.5%)
	Moderate

	GWP lifecycle (relative)
	Worst
	Moderate
	Good
	Best

	Energy Performance (relative)
	Worst
	Moderate
	Good
	Best

	Circularity Potential
	Low
	Low–Moderate
	Moderate
	Moderate–High

	System Complexity / Risk
	Low
	Low
	Moderate
	High


Table 1: Comparative performance summary of renovation scenarios across ecological and economic dimensions.
Table1 summarizes the integrated eco-economic comparison; whereby the Medium scenario is identified as achieving the best combined performance. The High scenario dominates ecologically but is less efficient economically; the Low scenario is least burdensome initially but performs worst on both dimensions over the lifecycle.
6. EXPERT PERSPECTIVES: BARRIERS AND ENABLERS OF RENOVATION
6.1 Technical and Organisational Barriers
Expert A emphasised a Pareto heuristic: maximum energy demand reduction with minimum necessary intervention. This perspective challenges the assumption that the most technically ambitious renovation is always most appropriate, particularly when organisational complexity and disruption to occupants are factored in. As he observed: “In the vast majority of cases, the high variant is not actually implemented because it is both financially and organisationally demanding.” Expert B illustrated a further constraint: legacy fan-coil systems had reached end-of-service-life with no available spare parts, meaning renovation horizons are sometimes constrained by the physical unavailability of compatible components, independently of financial or regulatory factors.
6.2 Governance and Ownership Structures
Governance emerged as perhaps the most consistently cited barrier across all three interviews. Expert A, drawing on extensive experience with condominium and cooperative housing, observed that shared ownership inherently creates a "lifelong group-dynamic process" in which reaching unanimous or qualified-majority agreement on significant investments is inherently difficult. The dominant question in any owner meeting, he noted, is invariably: "What does the opportunity cost of renovation?" Long-term thinking about lifecycle costs and energy efficiency is frequently overwhelmed by short-term cost sensitivity.
Expert C offered a different but complementary perspective. As sole owner of 100% of each building in the portfolio, the organisation faces none of the coordination problems of split ownership. However, decisions are tightly constrained by Austrian rent law (Österreichisches Mietrecht), which establishes rent ceilings (Richtwertmietzins) limiting the extent to which renovation costs can be recovered through rent increases. This creates a structural disincentive for deep renovation: the investment cannot be fully recouped through revenues. As Expert C explained, the decision to renovate is driven primarily by the imperative to maintain attractiveness and minimise vacancy, rather than by energy efficiency considerations.
The tension between ownership structure and renovation incentive is widely documented in the housing economics literature and represents a fundamental institutional barrier to deep renovation (Eichhammer et al., 2021). Policy instruments (including renovation subsidies, mandatory minimum energy performance standards for rented properties, and split-incentive mechanisms allowing landlords to recover renovation costs through temporary rent supplements) are identified as potentially effective responses, though their design and implementation remain contested.
6.3 Economic Viability and Amortisation
All three experts agreed that amortisation periods of 10–15 years are required for individual systems, effectively unachievable for thermal renovation measures given current construction costs and energy prices. Expert C confirmed that deep energy renovation is generally not undertaken unless required for legal compliance or building condition: in a regulated rental market, returns are insufficient to justify the investment. For public institutional owners (Expert B), the obligation to decarbonise exists but budget cycles and the general contractor procurement model systematically favour comprehensive system replacement over more targeted, material-minimising approaches.
6.4 User Behaviour and Social Dimensions
Expert A identified the interface between technical systems and occupant behaviour as a critical determinant of actual renovation outcomes. Modern building systems (heat pumps, mechanical ventilation, sophisticated controls) require a level of user understanding that many occupants lack. Poorly explained systems are frequently misused: thermostatic valves set incorrectly, ventilation operated at full capacity regardless of occupancy, heating and cooling modes switched inappropriately. Expert A observed: "You must give them a manual. They need to understand the connections." The absence of post-occupancy monitoring and commissioning (typically driven by budget constraints) means that the gap between planned and actual energy savings is often large and unaddressed.
Comfort was identified as the primary lever through which occupant acceptance of renovation is obtained. Residents who experience tangible improvements in thermal comfort, air quality, or acoustic performance are more likely to engage positively with renovation measures and operate installed systems correctly. This implies that simpler, more robust systems delivering reliable comfort improvements may outperform complex systems that require high levels of user engagement under real-world conditions. It should be noted, however, that these observations derive entirely from expert inference: no occupants or tenants were interviewed in this study. The extent to which these assessments reflect actual resident experience and preferences remains an open empirical question and constitutes a central limitation of the qualitative evidence base (see Section 7.6).
6.5 Regulatory and Policy Context
The interviewees consistently referenced the regulatory framework as a key shaper of renovation decisions. Growing stringency of fire safety, accessibility, and seismic requirements frequently triggers comprehensive structural upgrades from modest interventions; heritage protection can render renovation uneconomical compared to adaptive reuse (Expert C). The Austrian legal framework for shared ownership (Wohnungseigentumsgesetz) imposes procedural delays where qualified-majority agreement is absent, a threshold Austria is considering lowering, following German and French reforms. Subsidy programmes across federal, Bundesland, and municipal levels significantly influence renovation timing and scope, but subsidy dependency carries its own risk: projects unviable without current support may become stranded when programmes change.
6.6 Implementation Constraints, Hurdles, and Thresholds
The recurring implementability barriers identified across all three interviews are mapped in Table 2 onto the five-dimension framework introduced in Section 2.3.4. The analytical value of this mapping lies in identifying convergence: the most difficult cases arise where multiple threshold dimensions simultaneously approach their limits, precisely the situation that characterises the High scenario in this case study.

	Main Category
	Subcategory

	Governance alignment
	Decision fragmentation in split ownership; coordination effort; communicability of complex measures; qualified-majority thresholds for renovation decisions

	Institutional permissibility
	MRG rent ceilings limiting cost recovery; heritage protection obligations; fire safety and seismic upgrade triggers; subsidy dependency and programme discontinuity risk; informal norms of risk aversion and incremental renovation cultures

	Financing capacity
	Investment hurdle relative to rent recovery capacity; economic asymmetry between owner (investment) and tenant (savings); high discount rate logic of private investors; refinancing limits under current rent regulation; technological uncertainty affecting long-term cost projections

	Operational manageability
	System complexity of heat pumps and ventilation; short service lives of technical components (15–20 years); expertise and support capacity; organisational carrying capacity; legacy system exhaustion and component unavailability; planning and commissioning quality as cost risk

	Occupant compatibility
	Disruption to residents during construction; utilisation discipline required by complex systems (heat pumps, ventilation); perceived user benefit; life-stage sensitivity; absence of post-occupancy commissioning; gap between planned and actual energy savings (based on expert inference; direct resident evidence absent)


Table 2: Implementability barriers mapped onto the five-dimension framework, from expert interviews.

7. DISCUSSION
7.1 Beyond Technical Optimisation: The Limits of Performance Logic
The results first challenge the assumption, implicit in much of the literature, that the advantage of a retrofit pathway automatically increases with intervention depth. The present use case shows that deep retrofits do not necessarily produce the best overall results. The interaction between the underlying energy mix and GWPoperational meant that, in this case, the Medium scenario performed better than the High scenario environmentally. Retrofit strategies cannot therefore be assessed through a linear logic of "more intervention equals better outcome."
A further issue is the fundamental trade-off between GWPembodied and GWPoperational. Which scenario appears preferable depends substantially on assumed service lives of materials, replacement cycles, and the chosen assessment period. A more relevant question is which time horizons actually shape real decision-making. Owners, asset holders, and residents rarely think in 50- or 100-year periods; assessment periods should therefore be aligned more closely with concrete use situations, investment logics, and expected holding periods.
The same applies to affordability. In existing buildings, economic viability is strongly shaped by real refinancing conditions: limited possibilities for rent adjustment, benchmark-based rent structures, high construction costs, and the risk of additional burdens during the construction phase can significantly reduce the viability of deep retrofits. The economic feasibility of deep retrofit is not only a question of absolute investment levels, but is closely tied to the institutional framework of tenancy and property law.
The quantitative and qualitative results produce a revealing conflict: LCA and LCC identify Medium as optimal, yet experts indicate Low as the most frequent real outcome, because the institutional, financial, and organisational conditions that make Medium viable on paper rarely hold in the occupied building context. High performs best in selected energy indicators but is characterised as the least implementable option in practice. This divergence between modelled optimality and practical viability is the analytical core of the paper, and precisely the gap the concept of implementability is designed to make visible.
7.2 Decision Space Narrowing and the Logic of Existing-Stock Rationality
The results suggest that the real decision space is considerably narrower than the range of options initially indicated by technical and economic models. Which scenario remains a real option is determined not only by its calculated advantage, but by its stability in the interaction between technical, economic, and socio-governance logics. Path dependency is a further relevant finding: earlier partial measures can make later deep retrofits more difficult, because with each intervention already carried out, the economic and organisational willingness to intervene again at a fundamental level tends to decline. Shallow retrofits may therefore be plausible and rational in the short term while producing lock-in effects in the longer term.
Against this background, the Low scenario does not appear merely as a suboptimal result. It appears instead as the expression of a specific existing-stock rationality: low vacancy risk, preservation of rentability, limited interference with tenancy relations, limited refinancing capacity, and avoidance of organisational overload. A further challenge concerns the infrastructural embedding of decarbonisation itself: access to district heating can become constrained where connection options are missing or capacity limits are approached, and district heating cannot automatically be labelled low-emission as long as its generation remains partly fossil-dependent.
7.3 Alignment of Ecological and Economic Optima
The integrated assessment reveals a nuanced picture: the ecological optimum (High scenario) does not coincide with the economic optimum (Medium scenario) under baseline assumptions. This finding is consistent with the broader literature on sustainable renovation, which frequently identifies tension between climate policy ambition and the financial constraints of individual building owners (Eichhammer et al., 2021). The Medium scenario represents a pragmatic convergence of ecological progress and economic viability, achieving substantial reductions in energy demand and environmental impact at a lifecycle cost demonstrably superior to both the minimal-intervention and maximally ambitious alternatives.
The relative ranking of scenarios is sensitive to assumptions about energy price trajectories, discount rates, and system service lives. Under scenarios of sustained high energy prices or low discount rates reflecting social rather than private valuation of future costs, the High scenario becomes increasingly cost-competitive. This underscores the importance of presenting lifecycle cost results as ranges rather than point estimates, and of explicitly testing the robustness of scenario rankings to key parameter variations.
7.4 Policy Implications and Scalability
Three policy priorities follow from these findings. First, mandatory lifecycle cost disclosure for renovation projects would correct the systematic bias of investment-cost-only evaluation against deeper renovation. Second, split-incentive instruments (green renovation premiums, performance-linked subsidies, reformed rent-setting mechanisms) are needed to bridge the gap between owners who invest and tenants who benefit. Third, lowering qualified-majority thresholds for energy renovation decisions in condominiums would reduce governance fragmentation. At district scale, serial renovation approaches (prefabricated façade modules) only realise efficiency gains across entire blocks; single-ownership social housing (Gemeindebau) offers structural advantage here, though institutional procurement practices remain a constraint.
7.5 Limitations
Several limitations of the present study should be acknowledged. The LCC analysis is conducted for a single reference building and a specific set of scenarios; generalisation to the broader stock requires caution, as building configuration, ownership structure, local energy prices, and subsidy conditions vary substantially. The ecological assessment relies on national average emission factors for energy carriers, which may not accurately reflect marginal or future grid conditions. The qualitative sample is the most significant limitation: three interviews with professional decision-makers on the supply side of renovation cannot saturate the socio-technical dimensions the paper addresses. Most critically, occupants and tenants, the parties most directly affected by renovation disruption, most reliant on functional system interfaces, and most central to the user-behaviour arguments developed in Section 6.4, are absent from the qualitative data. Their perspectives on acceptance, comfort expectations, and willingness to engage with renovation processes remain unrepresented, and the implementability dimensions attributed to user behaviour rest on expert inference rather than direct evidence. Future work should address these limitations through multi-building comparative analysis, sensitivity testing with alternative emission factor scenarios, and direct qualitative engagement with tenants and occupants.
8. CONCLUSIONS
This paper presents an integrated ecological, economic, and socio-technical assessment of three retrofit pathways for a post-war residential building in Vienna. Ecologically, all scenarios reduce lifecycle GWP relative to the unrenovated stock. The Medium scenario achieves the lowest total GWP (12.2 kgCO₂/m²a) despite the High scenario’s superior energy performance, because the shift from district heating to electricity-based supply increases GWPoperational under Vienna’s current energy mix. Economically, Medium achieves a 5.5% lifecycle cost advantage at a 2% discount rate, reflecting the High scenario’s replacement cycle penalties and the Low scenario’s energy cost exposure. Across both dimensions, Medium represents the most robust pathway under current conditions.
The central contribution is the shift from asking which scenario is technically superior to asking under what conditions a scenario retains its status as a viable implementation pathway. Institutional theory and agency theory, applied throughout this paper, not deferred, explain why technically superior options systematically remain unrealised: formal rules (MRG, procurement norms, subsidy structures) and informal norms (risk aversion, “existing-stock rationality”) constrain the effective decision space before any technical assessment begins, while the owner-tenant split incentive (structurally reinforced by Austrian rent regulation) explains persistent underinvestment in deep retrofit. High-invasive pathways are particularly unstable where multiple implementation thresholds converge simultaneously.

Achieving the goals outlined in the European Green Deal, Austria’s National Building Renovation Plan, and Vienna’s own climate targets (including its emerging Climate Law and Smart Climate City Strategy) will depend not only on the advancement of building technologies but also on aligning external framework conditions with the realities of the existing building stock. This necessitates a critical examination of infrastructural dependencies (notably district heating), monopolistic supply structures, and regulatory and legal conditions (particularly the MRG and municipal procurement practices) that complicate deep retrofits in occupied buildings. Future research should extend this framework to other Viennese typologies, and most urgently, engage directly with tenants and occupants whose perspectives are absent from the present study.
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Fig. 3: GWPtotal per m² GFA/a
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Fig. 2: GWPoperational per m² GFA/a
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Fig. 1: GWPembodied per m² GFA/a
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Fig. 4: Comparison of Energy Performance Indicators
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Figure 5. Circularity Indicators: Total Mass, Percentage of Waste vs. Recycling Material 
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