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1. Introduction

The decarbonization of the European Union’s building stock remains one of the most critical
challenges for achieving climate neutrality by 2050. Residential buildings account for approximately
36% of total CO, emissions and 40% of final energy consumption, with social housing representing a
disproportionately energy-inefficient segment of this stock (European Commission, 2020). Despite
ambitious policy initiatives—including the European Green Deal, the Energy Performance of
Buildings Directive (EPBD), and the Renovation Wave Strategy—deep energy efficiency renovations in
social housing remain limited in scale and depth.

A central barrier to implementation lies not only in financing availability, but in how long-term costs
and benefits are evaluated. Deep renovations involve high upfront capital expenditure, while their
benefits—energy savings, emission reductions, and social welfare gains—accrue over several
decades. Conventional financial appraisal methods, which rely on private discount rates or static
assumptions, systematically undervalue these long-term benefits, particularly in publicly oriented
investments such as social housing.

Public—Private Partnerships (PPPs), commonly implemented through Energy Performance Contracts
(EPCs), have been widely promoted to address budgetary constraints by transferring performance
risk to Energy Service Companies (ESCOs). However, the effectiveness of PPPs in enabling deep
renovation depends critically on the discounting framework used to assess investment viability.
When inappropriate discount rates are applied, even technically sound and socially beneficial retrofit
packages may appear economically unattractive.

This paper argues that the application of a time-varying, weighted Social Discount Rate
(SDR)—embedded within a bottom-up business model—is essential for accurately evaluating deep
energy efficiency investments in social housing. Using empirical evidence from three European
lighthouse sites (Trieste, Herning, and Riga), the study demonstrates how SDR-based valuation alters
investment outcomes, improves comparability across national contexts, and supports informed
public decision-making under conventional PPP structures.

The remainder of the paper is structured as follows: Section 2 reviews the literature on PPPs, energy
efficiency appraisal, and social discounting; Section 3 presents the bottom-up modelling and financial
evaluation methodology; Section 4 describes the lighthouse case studies; Section 5 reports the
empirical results; and Section 6 concludes with policy implications.

2. Literature review:

2.1. Public—Private Partnerships in Energy Efficiency

Public—Private Partnerships (PPPs) have long been promoted to bridge the financial and
operational gap between the public and private sectors in infrastructure development
(Yescombe, 2017). In the context of energy efficiency (EE), PPPs often materialize through
Energy Service Companies (ESCOs) implementing Energy Performance Contracts (EPCs) or



Energy Supply Contracts (ESCs) (Bleyl & Suer, 2018). EPCs align incentives between the
building owner and the ESCO by linking payment to achieved energy savings. Two main
variants exist: the Guaranteed-Savings model, in which the ESCO guarantees a fixed level of
energy reduction, and the Shared-Savings model, where realized savings are shared
according to a pre-agreed ratio (Patari et al., 2016).

Despite theoretical advantages—efficiency gains, risk transfer, and budget relief—traditional
PPPs have struggled to gain traction in the social housing sector. This is due to three
principal barriers: (1) capital intensity, as deep retrofits require large upfront investments
often exceeding tenants’ repayment capacity; (2) contractual rigidity, since long-term EPCs
are difficult to adapt to changing energy prices and occupancy patterns; and (3) limited
aggregation potential, because fragmented ownership structures impede economies of
scale (Rezessy et al., 2015).

Studies from the International Energy Agency (IEA, 2021) and European Investment Bank
(EIB, 2020) note that ESCO markets are heavily concentrated in commercial and public
buildings but underdeveloped in residential and social housing. One reason is the absence of
standardized PPP models that can accommodate social objectives—such as affordability,
equity, and tenant engagement—alongside financial returns (Carbonaro & Greco, 2021).
Scholars such as Florio and Sirtori (2016) have therefore called for PPP approaches,
incorporating social welfare valuation, blended finance, and participatory governance.

2.2. Community Energy and Citizen Finance

While PPPs represent a top-down mechanism for leveraging private capital, community
energy initiatives emerge from the bottom up. These initiatives—often structured as
cooperatives, social enterprises, or community trusts—empower citizens to co-own and
co-finance renewable energy or energy efficiency projects (Bauwens, Gotchev, &
Holstenkamp, 2016). The rise of distributed finance has further enabled citizens to invest
directly in local energy projects with modest capital commitments.

Distributed finance models vary widely: donation-based platforms (e.g., GoFundMe) rely on
altruism; reward-based (e.g., Kickstarter) offer symbolic returns; lending-based (peer-to-peer
loans) provide interest; and equity-based distributed finance grants ownership stakes
(Candelise, 2020). In the European Union, equity and lending-based platforms dominate the
sustainable energy sector. Platforms such as Abundance (UK), Enerfip (France), and
Concrete Investing (Italy) have financed solar parks, wind farms, and increasingly, building
retrofits (Lam & Law, 2019).

Beyond financial mobilization, community energy fosters social innovation and local
legitimacy. Citizens who invest in projects within their neighborhood exhibit higher trust in
project developers and are more likely to support local energy transitions (Hargreaves,
Hielscher, & Seyfang, 2013). distributed finance thus serves as a “double dividend”



instrument—mobilizing private savings while cultivating social engagement (Toxopeus &
Bouwman, 2019).

However, the literature identifies several challenges:

1. Regulatory fragmentation across EU member states complicates cross-border
distributed finance operations (Ziegler et al., 2020).

2. Project verification and monitoring remain resource-intensive, raising investor risk
perception (Borgatti & Fernandez, 2022).

3. Scale limitations, as small campaigns may fail to attract institutional co-investors
without a credible governance framework (Candelise, 2020).

These barriers suggest that while distributed finance offers inclusivity, it lacks the
institutional robustness of PPPs—making hybridization an attractive evolution.

2.3. PPP Models: The Emerging Paradigm

The integration of distributed finance into PPP frameworks represents a novel approach to
sustainable infrastructure finance. Polzin, Sanders, and Stavrakas (2022) define PPP as “a
financing ecosystem in which formal PPP contracts provide the governance and performance
assurance mechanisms for decentralized community investors.” The approach recognizes
that neither PPPs nor distributed finance alone can sufficiently address the capital and trust
deficits in the energy transition (European Investment Bank, 2021).

In this configuration, the PPP structure (typically an EPC or ESC) provides the legal backbone
risk allocation, performance guarantees, and long-term maintenance—while distributed
finance introduces retail investors as supplementary financiers. These micro-investors
participate via regulated digital platforms, contributing a small share of project equity or
subordinated debt. The result is a multi-layered capital stack, where grants, institutional
loans, and community investments coexist.

Empirical evidence remains limited but encouraging. In France, Lumo financed the
retrofitting of public buildings through citizen bonds. In the Netherlands,
ZonnepanelenDelen raised over €50 million for solar rooftop installations using a
PPP-distributed finance structure. The EEnvest project (EIB, 2021) and SUPERSHINE initiative
both explore similar models for social housing retrofits. Their findings suggest that
combining PPP and distributed finance can (a) close the funding gap of 10-35% often left
after grants and concessional loans; (b) increase perceived transparency through direct
citizen participation; and (c) generate additional social value through local reinvestment.

Nonetheless, theoretical and practical challenges persist. First, risk alignment remains
delicate—small investors seek short-term, low-risk returns, while PPPs often involve
10-25-year horizons. Second, information asymmetry between ESCOs and retail investors
can lead to mistrust if performance data are not transparently reported. Finally, transaction



costs can rise due to the need for continuous investor communication, performance audits,
and compliance with EU financial regulations (MiFID Il and the 2020 distributed finance
Regulation).

Scholars such as Hodge, Greve, and Boardman (2018) argue that successful models require
institutional innovation beyond financial engineering—specifically, governance mechanisms
that integrate accountability, digital transparency (e.g., blockchain-based monitoring), and
shared ownership rights. The PPP—distributed finance approach thus emerges not only as a
financing mechanism but also as a social contract fostering co-responsibility for
sustainability outcomes.

2.4. Bottom-Up Business Models and Financial Evaluation in Energy Retrofits

To operationalize these models, researchers emphasize the need for bottom-up business
modeling integrating technical, financial, and behavioral dimensions of retrofit projects
(Boza-Kiss, Bertoldi, & Economidou, 2021). Unlike top-down macroeconomic analyses,
bottom-up approaches start from building-level data: energy consumption, physical
characteristics, retrofit costs, and behavioral factors. These inputs feed into
engineering-based energy simulations and financial cost-benefit models, producing Key
Performance Indicators (KPIs) such as Primary Energy (PE), Energy Savings (ES), Thermal
Consumption (TC), and Renewable Energy Share (REWEC/REWTC).

Financial evaluation typically employs Net Present Value (NPV), Internal Rate of Return
(IRR), and Payback Period (PP) metrics, adjusted by a Social Discount Rate (SDR) to account
for public welfare considerations (Florio & Sirtori, 2016). The SDR integrates both the Social
Rate of Time Preference (SRTP)—reflecting the value society places on future benefits—and
the Social Opportunity Cost (SOC)—representing alternative investment returns. This allows
for a more equitable appraisal of long-term societal gains, such as carbon reduction and
social inclusion, which traditional private discount rates often undervalue.

The paper’s methodology linking bottom-up energy modeling with PPP and distributed
finance analysis illustrates how these concepts can converge into a comprehensive
decision-support tool. By simulating future energy prices, quantifying savings, and mapping
funding sources (grants, PPPs, distributed finance), the approach provides a blended
financial architecture adaptable to local contexts.

2.5. Identified Research Gaps

While scholarship on PPPs and distributed finance is mature in isolation, integration
between the two remains embryonic. The following gaps are identified:

1. Empirical evidence on PPP—distributed finance applications in energy
efficiency—particularly in social housing—is scarce.

2. Methodological frameworks that connect technical energy performance with
community finance mechanisms are underdeveloped.



3. Governance and risk-sharing models accommodating both institutional and retail
investors need standardization.

4. Policy alignment between the EU’s Renovation Wave, the Social Climate Fund, and
national distributed finance regulations remains incomplete.

This paper addresses these gaps by developing and empirically testing a bottom-up
PPP—distributed finance model across three European lighthouse sites. The next section
(Methodology) details how technical energy modelling, financial evaluation, and
participatory financing were integrated into a unified analytical framework.

3. Methodology

3.1. Research Design and Conceptual Framework

This study employs a mixed-method, bottom-up analytical framework combining technical
energy modelling, cost-benefit analysis (CBA), and participatory finance design. The
approach is designed to evaluate how Public—Private Partnership (PPP) and distributed
finance models can enhance the financial, social, and environmental performance of social
housing energy retrofits. Unlike top-down economic models, which estimate outcomes at
macro or sectoral scales, the bottom-up approach focuses on building-level data
aggregation measuring energy performance, cost structures, and financing conditions
specific to each case. The analysis proceeds in three main stages:

1. Technical modelling of baseline and post-retrofit energy performance.
2. Financial evaluation incorporating cost, savings, and social discounting.
3. Financing design, integrating PPP contracts and distributed finance mechanisms.

The methodology was developed and validated through the SUPERSHINE project, which
pilots the PPP-distributed finance concept across three lighthouse sites: Trieste (Italy),
Herning (Denmark), and Riga (Latvia). Each site represents distinct institutional, regulatory,
and socio-economic contexts, allowing comparative analysis of model adaptability.

3.2. Energy savings

First this paper quantifies how much energy a social-housing block will save once the proposed EE
retrofits are implemented or installed. To do so, we compare two conditions: the building’s baseline
consumption which is established through metered data and site surveys distributed to the
lighthouses and its simulated performance after upgrades such as advanced insulation,
high-performance glazing, modern heating systems and rooftop renewables. The gap between these
two trajectories represents the net energy reduction attributable to the intervention.



Model Overview

The energy-savings tool developed in SUPERSHINE recreates a building’s annual heating and cooling
demand under two distinct scenarios: the existing (pre-retrofit) condition and the upgraded
(post-retrofit) condition. Users enter the proposed measures—better insulation, triple-glazed
windows, high-efficiency boilers, photovoltaics—and the software recalculates the energy balance
while accounting for local climate, occupancy patterns and system interactions. The difference
between the two simulated demand profiles represents the net saving attributable to the retrofit:
Energy Savlng = Spre—retrofit - Spost— retrofit
where S denotes annual space-conditioning demand in kWh. By isolating the contribution of each

upgrade or any combination thereof the model allows planners to compare options and to select the
package that delivers the greatest reduction in energy use for a given investment.

The modelling framework of this paper estimates a building’s yearly demand for space heating and
cooling. The software begins by comparing indoor and outdoor temperatures hour by hour, then
layers in the fabric’s thermal quality. No heating or cooling is assumed when indoor conditions fall
within what building-service engineers call the comfort band here taken as 15.5 °C to 22 °C. Outside
that range, the programme calculates heat loss (or gain) through each element of the envelope by
multiplying its U-value the rate at which one square metre of material passes heat for every degree
of temperature difference by the relevant surface area and temperature gradient. Summing the
contributions from walls, windows, roof and floor gives the total energy the building must supply (in
winter) or remove (in summer) to stay within the comfort band, providing a clear baseline against
which retrofit options can be measured. For example, the formula for calculating heat loss (or gain)
for all EE renovations is:

=U A U A u, A U
building walls  walls + windows windows + floor floor + roof roof

and for single intervention:

walls walls  walls

windows windows windows

efloor - Ufloor Afloor

roof - Uroof Aroof
where Ux represents the U-value for the building element X which could be walls, windows, floors or
roof and Ax is the area of the respective building element (in square metres). By applying the exterior

temperature data and using this formula, the model calculates the heating demand annually. This is
done on an hourly basis, meaning the temperature difference is constantly recalculated based on
real-time weather data for more precise estimates.

Calculation of Heating and Cooling Demand



A critical element of the paper’s methodology is to determine, hour by hour, how much energy a
dwelling must supply for heating in winter and remove for cooling in summer. The calculation
couples two data streams. The first is a set of building parameters thermal resistance of walls, roofs,
floors and glazing, together with internal gains and ventilation rates. The second is an external
weather file that records dry-bulb temperature for every hour of the year; for the present study
these data are sourced from NASA-LARC’s high-resolution archive. The model compares each
outdoor reading with the comfort band adopted for social housing 15.5 °C to 22 °C so that any hour
falling below the lower bound triggers a heating load and any hour above the upper bound triggers a
cooling load. For each triggered hour, the programme computes heat flow through every envelope
element using its U-value (Wm™K™) and the momentary temperature gradient. Summing these
fluxes across all surfaces and over the 8,760 hours in a typical year yields the annual demand for
space conditioning. Because lower U-values translate directly into smaller hourly fluxes, the
framework provides a transparent means of testing how improvements in additional insulation,
high-performance windows and airtightness measures will influence total heating and cooling
requirements before any capital is committed on site.

Heat Loss (or Gain) Calculation

The total heat loss or gain is computed using U-values, which measure how much heat is To quantify
the hourly load that the heating or cooling system must meet, the model first determines the

building’s overall heat-loss coefficient, @ . This coefficient is the sum of each envelope

building
element’s U-value multiplied by its surface area, yielding a single figure that expresses the watts of
heat conducted per kelvin temperature difference between indoors and outdoors. For any given
hour, the space-conditioning requirement is then:

— *
AQ - ebuilding AT
where AT is the gap between the indoor set-point (within the 15.5 °C — 22 °C comfort band) and the

recorded outdoor temperature. A smaller © achieved through lower U-values for walls,

building
windows, roof and floor translates directly into a smaller AQ. By repeating this calculation for every
hour in the year, the model builds a time-resolved picture of annual heating and cooling demand,
against which the impact of proposed retrofit measures can be assessed with precision.

Fuel Savings and Emissions Reductions

Once the annual energy savings have been calculated, the software quantifies the corresponding
reductions in fuel use and CO2 emissions. This translation from kWh to primary energy and carbon is
accomplished by applying fuel-specific conversion factors that reflect the local supply mix for gas,
district heat, and electricity. The result is an estimate of avoided fuel consumption and the associated
decrease in CO,-equivalent emissions. By linking technical performance to environmental outcomes
in this manner, the study provides a rigorous basis for evaluating how each retrofit package
contributes to national decarbonisation targets and broader sustainability objectives.

Fuel Savings Calculation



To translate the calculated energy reductions into actual fuel savings, the model adjusts for the
efficiency of the building’s heating (or cooling) plant. Where gas boilers operate at an 85 % seasonal
efficiency, the avoided fuel input for a given measure is obtained by dividing its energy saving by that
efficiency:

F _ Energysaving

saving " Heating system ef ficiency

for each intervention:

Energy savin,
9y gwalls

Fuel Savlngwalls = Heating system ef ficiency

Energy savin,
gy gwindows

Fuel Savlngwindows = Heating system ef ficiency

Energy savingnmf

Fuel Savlngroof = Heating system ef ficiency

Energy saving floor

Fuel Savlngflogr = Heating system ef ficiency

where Energy saving is the difference in energy demand before and after the retrofit calculated as
described earlier and Heating system ef ficiency accounts for the efficiency of the heating system,
which is set at 85% for gas boilers in this project. Applying this adjustment yields a more realistic
picture of fuel avoided at the meter rather than at the point of use. Where dwellings rely on electric
resistance heating or cooling, the calculation substitutes time-of-use efficiency factors and dynamic
electricity-carbon intensities, thereby capturing the varying performance and cost of the equipment
across the year.

Emissions Reductions

After fuel savings have been quantified, the analysis converts those figures into avoided
greenhouse-gas emissions by multiplying the saved fuel volume by the appropriate emission factor
for that energy carrier. Formally,

Emissions Saving = Fuel Saving * Associated Emissions

where the emission factor expresses kilograms (or tonnes) of CO,-equivalent released per unit of fuel
consumed. For a gas-fired installation, for example, the model applies the standard CO, intensity of
natural gas to the calculated cubic-metre (or kilowatt-hour) reduction. This step links the technical
performance of the retrofit directly to its contribution toward climate-mitigation targets.

3.3. Pricing of energy savings

The pricing of energy savings within the SUPERSHINE project plays a crucial role in evaluating the
financial benefits derived from energy efficiency (EE) renovations in social housing. The process of
pricing energy savings is based on modelling future energy prices, applying different market



scenarios, and projecting the economic impacts over time. Below is a detailed analysis of how energy
prices are simulated and applied to calculate energy savings for projects like those in Denmark, Italy,
and Latvia.

Energy Price Simulation Model

The paper uses an advanced simulation methodology to predict the financial impact of EE
interventions, particularly the pricing of energy savings over an extended period. The adopted
simulation approach is based on a sophisticated stochastic volatility model originally developed by
Engle et al. (2013). This model allows the integration of both high-frequency and low-frequency data
to generate more reliable and precise projections of energy prices. The price forecasting module
draws on two complementary datasets. At the high-frequency end, it uses a twenty-five-year series
of daily wholesale electricity market price quotations (1 January 1999 — 31 January 2025). These
records capture short-run market volatility driven by storage levels, weather anomalies and
geopolitical events. At the low-frequency end, the model incorporates broader economic indicators
monthly inflation rates, quarterly composite uncertainty indices and semi-annual statistics on global
gas output so that structural shifts in the macro-economy are reflected alongside day-to-day price
movements.

Scenario-Based Forecasting

To model future energy prices, the project considers three different scenarios for the next 25 years
(2025-2049); Worst Case Scenario: Assumes rapidly increasing inflation rates, heightened economic
policy uncertainty, and economic crises similar to those experienced during significant historical
events (e.g., the Enron crisis, financial crises, or the COVID-19 pandemic). In this scenario, the
multipliers applied to economic distress periods are exaggerated, reflecting the worst-case impacts
on future energy prices; Neutral Scenario: Assumes a relatively stable economic environment, with
balanced periods of economic growth and distress. Here, multipliers for inflation rates and
uncertainty indices are kept constant, resulting in moderate, predictable energy price trajectories;
and Best Case Scenario: Assumes decreasing inflation rates and economic policy uncertainty over
time, corresponding to periods of rapid economic growth and stability. This scenario uses higher
multipliers for economic boom periods, reflecting an optimistic outlook for energy price reductions.

Application to Energy Savings

The monetary value of the EE renovations energy savings is obtained by multiplying the annual
reduction in energy use by the simulated future forecasts of the market price of energy as follows:

Energy Cost Savings = AE(t) X P (t)

energy

where AE is the difference in energy consumption (in MWh) before and after the energy efficiency
renovations for year t and Penergy is the forecasted price of energy in EUR/MWh for year t. Following

this, we convert the energy savings physical value in each scenario to cash flow based monetary
value, which can then be incorporated into the project's wider financial analysis.



3.4. Financial metrics

Social Discount rate

The primary aim of evaluating the time-varying, weighted-average Social Discount Rate (SDR)
approach is to ensure that this method produces discount rates that are both economically plausible
and practically implementable for public-sector projects, such as the SUPERSHINE energy-efficiency
retrofits. Unlike a fixed SDR, the weighted-average method blends a standard social rate of time
preference (SRTP) with a social opportunity cost of capital (SOC), weighted by the proportion of
project funding coming from private investors. In practice, this means defining an SDR at each future
year t as:

SDRt = a*S0C + (1 — a) * SRTP

SRTP = 8§+ 11 * g

t

where g, denotes the simulated annual growth rate of real GDP, § represents the pure social time

preference rate, n is the elasticity of marginal utility of consumption, SOC is the social opportunity
cost of private capital, and a is the fraction of project financing provided by private investors. This
methodology applies to three pilot countries—Italy, Denmark, and Latvia—over a 25-year forecast
horizon, with all discount rates expressed in real terms.

Return on Investment (ROI):

In this evaluation methodology we investigate the yearly ROI for the next 25 years (to make sure that
the the different payback period for single interventions are considered) using as input data the
simulated key economic indicators specific to each pilot country, and the data obtained from the
SUPERSHINE partners in Italy, Latvia, and Denmark specific to each building. Therefore, to investigate
the current value of these three measures, in each for the next 25 years, today, we need to calculate
the continuous discount factor for each country which is given by:

Discount Factor Calculation: We adjust future cash flows for inflation using the following formula:

DF = Discount factor = e ¥

where r is the real interest rate, which is derived from the nominal interest rate and expected
inflation rate.

ROI for the social housing company:
Cash Flow Estimation for the social housing company:
Under guaranteed savings:

Cash Inflows comes from increase in rent revenue, increase in building value, and expected energy
savings.

Cash flow = DF * {PayoffES + [Revenuerent *(1+ rentg) *(1 - rentd)] + [Building . *(1+ Buildingg)]}



where PayoffES is the income from energy savings, buildingmv is the current market value of the
building, buildingg is the building value growth rate, rentg is the rent growth rate due to EE

renovations and rent, is the rent default rate.
PayoffES = minimum guaranteed savings + [20% * (energy savings — minimum guaranteed savings)]
PayoffES = 35% * (energy savings — minimum guaranteed savings)

Cashoutflow = DF * {O&M + [debt * (1 + )]}
where O&M is the operating and maintenance costs and i is the interest rate on debt.
Under Shared saving contract
Cash flow = DF * {PayoffES + [Revenuerent *(1+ rentg) *(1 - rentd)] + [Building - *(1+ Buildingg)]}
PayoffES = 35% * (energy savings — minimum guaranteed savings)

Cash outflow = DF * 0&M

Return on investment (ROI) is given by:

Cash flows — Cash outflows
ROI = i A
investment cost

ROI for the ESCO:
Under guaranteed savings:

Cash Inflows come from expected generated energy savings.

Cash inflow = DF * PayoffES
PayoffES = 80% * (energy savings — minimum guaranteed savings)

Cash Outflows include operating and maintenance costs of the installed EE technologies.

Cash outflow = DF *

maintenance & operating costs
Under the Shared saving contract:

Cash inflow = DF * PayoffES
PayoffES = minimum guaranteed saving + 65% * (energy savings — minimum guaranteed savings)

Cashoutflow = DF * {EE + [debt * (1 + D]}

maintenance & operating costs

Return on Investment (ROI) is given by:



Cash inflows — Cash outflows
Investment cost

ROI =

ROI for the financial institution and ESCO under distributed finance based PPP contract:
Cash Flow Estimation for the financial institution:
Cash flow = DF * PayoffES

Payof fE ¢ = minimum guaranteed savings + [20% * (energy savings — minimum guaranteed savings)]

% _investment by financial institution
Number of years of PPP contract

Cash outflow = DF

Return on Investment (ROI)

Cash flows — Cash outflows
investment by financial institution

ROI =

Cash Flow Estimation for the ESCO
Cashinflow = DF * PayoffES

Payof fES = 80% * (energy savings — minimum guaranteed savings)

Cash outflow = DF * (EE )

maintenance & operating costs

Return on Investment (ROI)

Cash inflows — Cash outflows
investment by financial institution

ROI =

4. Public Private Partnership contract

4.1. Conventional Public Private Partnership contract

Guaranteed savings contract

Guaranteed savings

Housing association
contract

Energy savings from EE renovations:
Energy savings:
e |[f energy saving is higher than the

minimum guaranteed saving, the
housing association receives

e If energy savings > minimum
guaranteed savings, ESCO gets
80% of extra energy savings.

e otherwise pays the difference

Source of income minimum guaranteed savings +

20% of extra energy savings.

e otherwise receives the minimum between the minimum

guaranteed savings guaranteed savings and actual

Increased value of the building. energy savings.




Increased rent due to EE renovations.

Costs

Investment cost

Maintenance and Operating costs of
the EE renovations

Responsibilities

Providing timely data for Annual Report
(meter readings, Neogrid data,
occupancy, major events).

Granting the ESCO full access for
supervision and inspection.

Acting as energy-performance advisor,
construction supervisor, and savings
guarantor.

Supervising design & build to ensure
energy measures are installed as
intended

Risk allocation

Not exposed to credit and technical risks

Technical risk and Credit risk

Shared Savings contract

Shared savings

contract

Housing association

Energy savings from EE renovations:

e |[f energy saving is higher than

Energy savings:

e when energy savings >
minimum guaranteed savings,

operation costs of the EE systems.

Source of the minimum guaranteed saving, .
income get 35% of extra energy savings. getjs minimum guaranteed
Increased value of the building. sanngs +65% of extra energy
savings.
Increased in rent e otherwise, gets all energy
savings.
The social housing association is not Maintenance and Operating costs of
Costs responsible for the maintenance and the EE renovations

Investment cost

Responsibilities

Provide timely data for Annual Report
(meter readings, Neogrid data,
occupancy, major events).

Grant the ESCO full access for supervision

and inspection.

Acting as energy-performance advisor,
construction supervisor, and savings
guarantor.

Arranges external financing.




Supervising design & build to ensure
energy measures are installed as
intended

Risk allocation Not exposed to credit and technical risks | Technical risk and Credit risk

4.2. Public Private Partnership - finance distributed contract

distributed finance based PPP contract

The parties involved in this contract are: the financial institution, ESCO and the social housing
association. The contract sold via distributed finance will give the participating financial institution a
return on investment related to the right to benefit from the energy savings. In exchange for the
amount of money raised via the distributed finance campaign, the social housing association will give
up the right to benefit from a portion of the energy savings deriving from the energy efficient
interventions for a period which allows the financial institution to recover their investment together
with the related return. The details of the contract are presented below:
ESCO
e Source of income:
e Up-front lump sum covering: energy screening, consultancy and maintenance
operations of EE renovations.
e Costs and expenses:
o Maintenance and Operating costs of the EE renovations

o Paying any shortfall between guaranteed savings and realised savings (after set-off
against any surplus banked in prior years).
e Main Responsibilities:
e Issuing a guarantee in annual energy savings in Kwh to the affordable housing
association.
e Acting as energy-performance advisor, construction supervisor, and savings
guarantor.
® Supervising design & build to ensure energy measures are installed as intended.
e Risk allocation:

e Performance and technical risk on energy efficiency renovations and occupant behaviour
up to the guaranteed level.
e Credit risk. (if the ESA account is not enough to pay the financial institution the difference
between the guaranteed savings and energy savings, the ESCO pays the difference).
Financial institutions (distributed finance)
e Source of income:
o Energy savings in EUR/Kwh
m If energy savings are higher than the minimum guaranteed amount, the
distributed finance investors will receive the minimum guaranteed amount +
40% of extra energy savings and the rest (60%) goes to the ESA account.



m If energy savings are below the minimum guaranteed amount, then the
income gap is paid from the accumulated ESA.
m If the balance in the ESA is not enough, the difference is paid by the ESCO.
e Costs and expenses:
o0 Investment cost
e Risk allocation:
o No credit or technical risk
Affordable housing association
e Source of income:
o Energy savings:
m  100% of energy savings after the payback period of the financial institution
o Increased value of the building.
o Increased rent due to EE renovations.
e Costs and expenses:
o Pays fixed fee for ESCO services.
e Responsibilities:
o Open and maintain an Energy Savings Account (ESA) tracking cumulative
over-/under-performance.
o Provide timely data for Annual Report (meter readings, Neogrid data, occupancy,
major events).
o Grant the ESCO full access for supervision and inspection.
Responsible with the ESCO for covering the minimum guaranteed amount to the
distributed finance investors.

5. Lighthouse Case Studies

The empirical component of this research draws on three SUPERSHINE lighthouse sites
representing different climatic zones, regulatory frameworks, and social housing ownership
models across the European Union. These sites—Trieste (Italy), Herning (Denmark), and Riga
(Latvia)—were selected for their diversity in governance structures, building typologies, and
financial mechanisms. Each case provides unique insights into how the PPP—distributed
finance model can be adapted to varying institutional and socio-economic contexts.

5.1. Trieste (Italy): Heritage Constraints and Integrated Retrofit Design

Context and Building Characteristics

The Trieste site represents a mid-20th-century social housing complex located in the Friuli
Venezia Giulia region of Northern Italy. Trieste’s building stock is characterized by solid
masonry and concrete structures built between the 1950s and 1970s, with minimal
insulation and obsolete heating systems. The housing complex under study comprises
several multi-story residential blocks, totaling approximately 8,000 m? of heated area,
housing low- to middle-income tenants.

The climate is Mediterranean, with mild winters and humid summers, resulting in high
annual thermal energy demand but moderate electrical consumption. Baseline energy



audits indicated a Primary Energy (PE) intensity of approximately 1,152.8 kWh/m?-yr,
dominated by heating loads.

Retrofit Measures and Data Inputs

The retrofit strategy adopted in Trieste combined envelope and system interventions into a
comprehensive renovation package:

External wall insulation with high-performance mineral wool cladding

Roof insulation and window replacement (triple-glazed low-emissivity frames)

Condensing gas boilers and smart thermostatic controls

Solar thermal panels for domestic hot water

Building automation and monitoring systems

Energy simulations predicted total savings of approximately 681 MWh/year, corresponding
to an energy reduction of 35-40% and annual CO, abatement of around 126 tons. Wall
insulation alone accounted for nearly 57% of total savings, confirming the dominance of
thermal envelope improvements.

Institutional and Financial Setup

The project owner is ATER Trieste, a public housing company managing approximately
11,000 dwellings. ATER'’s financial autonomy is limited by national borrowing caps for public
entities, making private or community co-financing essential. The funding structure for
Trieste followed this composition:

e 50% public grant (regional and national funds)
e 35% PPP investment (ESCO and financial institutions)
e 15% distributed finance equity (~€350,000)

The preferred contractual arrangement was the Shared-Savings EPC, which allows savings to
be split between ATER and the ESCO according to pre-agreed ratios. distributed finance
investors were incorporated into the SPV capital stack via the Concrete Investing platform.
Returns were tied to verified annual savings, with an expected ROI of 11-12% and payback
period of 11 years.

The Energy Savings Account (ESA) mechanism was also introduced to buffer performance
risk—surplus savings are accumulated in the ESA to offset future underperformance.

5.2. Herning (Denmark): Cooperative Governance and Grant-Linked PPP

Context and Building Characteristics

The Herning site is in the Central Denmark Region, representing a post-1980 cooperative
housing complex of approximately 10,000 m2. The buildings are characterized by concrete



prefabricated walls, flat roofs, and district heating connections. Denmark’s cold-temperate
climate produces high heating energy demand, though the use of renewable district heating
partially mitigates carbon intensity.

Baseline performance data show Primary Energy (PE) of 1,002.97 kWh/m?-yr, with Thermal
Consumption (TC) dominating total energy use. The cooperative structure of
ownership—where tenants collectively own and manage the building—creates unique
governance dynamics for investment decisions.

Retrofit Measures and Data Inputs

Herning’s retrofit strategy emphasized both thermal efficiency and digital optimization:

e Facade and roof insulation (improved U-values from 0.8 to 0.25 W/m?K)

Triple-glazed windows

Smart metering and remote HVAC control systems

Heat exchanger upgrades in the district heating interface

e Roof-mounted photovoltaic panels

The modelled energy saving potential reached 32-35%, reducing PE to around 670
kWh/m?.yr. The retrofit package yields substantial co-benefits in thermal comfort and
indoor air quality.

Institutional and Financial Setup

Herning’s cooperative model allowed tenant-led decision-making supported by
Landsbyggefonden (NBF) Denmark’s National Building Fund, which provides non-repayable
grants for social housing renovation. The financing structure was as follows:

e 66% grant funding (NBF)
e 20% ESCO/PPP investment
e 14% distributed finance equity (~€350,000)

The Guaranteed-Savings EPC was selected as the optimal PPP model due to its predictable
returns and lower risk for cooperative boards. The ESCO guarantees a minimum savings
threshold; if performance falls short, the ESCO compensates the difference.

distributed finance investors were remunerated with a fixed interest rate (=5%) plus a 40%
share of any excess savings. The Energy Savings Account (ESA) ensured coverage of
shortfalls. The combination of grants, PPP, and community investment achieved a projected
NPV of €1.2 million and IRR of 13%, with a payback period of 10 years.



5.3. Riga (Latvia): Energy Poverty and Policy-Driven Deep Renovation

Context and Building Characteristics

The Riga lighthouse site is in Latvia’s capital, characterized by Soviet-era multifamily blocks
built between 1960 and 1985. These buildings suffer from severe heat losses, poor
ventilation, and outdated mechanical systems. The study site includes panel-type apartment
blocks totalling approximately 9,500 m?2.

Latvia’s cold continental climate results in very high heating demand, with baseline Primary
Energy (PE) of approximately 26,258.6 kWh/m?-yr an order of magnitude higher than the
Western European counterparts due to inefficient district heating and poor insulation.

Retrofit Measures and Data Inputs

The renovation package in Riga involved:
e Full facade insulation and roof refurbishment
e Window and door replacements with triple glazing
e Central heating system balancing and control upgrades
e Installation of mechanical ventilation with heat recovery
e Photovoltaic panels for common-area electricity

The modelled energy saving was 45-50%, translating into annual savings of approximately
1,200 MWh and CO; reductions exceeding 300 tons/year. These results meet the ALTUM
program’s eligibility threshold of 230% savings, enabling access to national grants.

Institutional and Financial Setup

Riga’s project is coordinated by the Riga City Council Housing Department in partnership
with ALTUM, Latvia’s state-owned financial institution providing grants and low-interest
loans for energy efficiency. The funding breakdown is:

e 50% ALTUM grant
e 35% concessional loan (3% interest)
e 15% distributed finance equity (~€350,000)

Due to the fragmented ownership typical of Latvia’s condominium structure, the
Guaranteed-Savings EPC was chosen, ensuring predictable tenant costs. The key policy
constraint no increase in tenant contributions after retrofit was embedded in the financial
model.

distributed finance investors participated through the Concrete Investing platform with a
target return of 8-9%, partly financed from guaranteed savings streams. The NPV analysis



yielded a positive €2.8 million, and the IRR reached 12%, even under conservative energy
price assumptions.

6. Results and Empirical Analysis (Expanded Version)

6.1. Overview

The results presented in this section synthesize data from technical energy simulations,
financial modeling, and participatory finance design conducted for the three lighthouse
sites—Trieste (Italy), Herning (Denmark), and Riga (Latvia). The empirical analysis aimed to
test whether PPP—distributed finance models can deliver viable, socially acceptable, and
replicable energy retrofit solutions for social housing under varying climatic, institutional,
and economic conditions.

Each site underwent a comprehensive cost-benefit analysis (CBA) integrating (a) energy
savings and emission reductions, (b) financial returns and payback periods, (c) applied social
discount rates (SDR), and (d) the effectiveness of integrating community-based distributed
finance into the PPP capital structure.

The results are organized as follows: (1) measured and simulated energy performance, (2)
social discount rate application, (3) financial analysis, (4) distributed finance and financing
performance, (5) PPP model ranking, and (6) cross-case synthesis.

6.2. Energy Performance and Savings Analysis

Baseline vs. Post-Retrofit Performance

Table 1 summarizes the key energy indicators for each lighthouse, demonstrating significant
performance improvements following integrated renovation packages.

Indicator Trieste (Italy) Herning (Denmark) Riga (Latvia)

1,152.8

KWh/m? 1,002.9 kWh/m?-yr 26,258.6 kWh/m?2-yr
m?2-yr

Baseline Primary Energy (PEo)

Post-retrofit Primary Ener
y gy 681.1 kWh/m?yr 670.4 kWh/m?yr 13,474.6 kWh/m?-yr

(PE4)
Total Annual Energy Savings 681 MWh 512 MWh 1,200 MWh
Relative Reduction 40.9% 33.1% 48.7%

CO; Reduction 126 t/yr 140 t/yr 305 t/yr




These figures indicate a consistent pattern of deep energy renovation performance: savings
exceeded 30% in all sites, which is the EU’s threshold for classifying a “deep renovation”

(European Commission, 2020).

e In Trieste, retrofits focused on envelope insulation and heating system upgrades,
achieving a 41% reduction in primary energy use.

e In Herning, energy savings of 33% were achieved primarily through improved
insulation and digital control, despite Denmark’s already efficient building stock.

e In Riga, energy use dropped by nearly 50% due to extensive envelope insulation and
ventilation upgrades—an exceptional performance given the initial inefficiency.

Component-Level Savings Contribution
Disaggregating energy savings by component reveals which interventions generated the

greatest impact:

Retrofit Component Trieste Herning  Riga
Wall insulation 57% 43% 52%
Roof insulation 12% 14% 11%

Window replacement 18% 16% 14%

HVAC and controls 9% 20% 16%
Renewables (solar/PV) 4% 7% 7%

Envelope insulation dominated overall energy performance improvements across all sites,
reflecting the significance of heat loss through walls and windows in cold and temperate

climates.

6.3. Social Discount Rate (SDR) Application and Implications

SDR Calculation and Rationale

As discussed in Section 3, the Social Discount Rate (SDR) accounts for both social and
economic opportunity costs of capital. Applying national-level benchmarks (European
Commission, 2014; Florio & Sirtori, 2016), the weighted SDRs for each country were
calculated as follows:

SRTP  SOC Public Weight Private + Community Weight Weighted SDR

Country %) (%) (%) (%) (%)

Italy 25 48 50 50 3.4

Denmark 2.8 5.2 66 34 4.0




- SRTP  SOC Public Weight Private + Community Weight Weighted SDR
ountr
Yo @) (%) (%) (%)
Latvia 3.2 8.5 50 50 7.7

These values were used to discount future energy savings and cashflows in NPV calculations.

Sensitivity Analysis
Sensitivity tests were conducted to assess how 1% variations in SDR affected project
viability. Results showed:

e For Trieste, increasing SDR from 3.4% to 4.4% reduced NPV by ~9% (from €1.05M to
€0.96M).

e For Herning, raising SDR from 4.0% to 5.0% lowered NPV by 7%.
e For Riga, where SDR is highest, a 1% increase (7.7% — 8.7%) decreased NPV by 11%.

Even under pessimistic discounting, all projects maintained positive NPV, confirming the
financial robustness of PPP—distributed finance models.
6.4. Financial Analysis

Key Financial Indicators

Table 2 summarizes the principal financial metrics across all lighthouse sites.

Indicator Trieste Herning Riga
Total Investment (€ million) 2.35 2.60 3.20
Grant Funding Share (%) 50 66 50
PPP (ESCO) Share (%) 35 20 35
distributed finance Share (%) 15 14 15
Net Present Value (NPV, € million) 1.05 1.20 2.80
Internal Rate of Return (IRR, %) 11.2 13.1 12.0




Indicator Trieste Herning Riga

Payback Period (years) 11.0 10.2 10.8
Annual ROI for distributed finance Investors (%) 6—8 5-7 89
Scenario Analysis

To assess resilience, three energy price trajectories were simulated:

Best-case: +20% energy price escalation (reflecting post-2022 market spikes)
Neutral-case: 2% annual inflation (baseline)

Worst-case: —10% energy price decline

The outcomes are presented below:

Scenario Trieste ROI (%) Herning ROI (%) Riga ROI (%)

Best-case 13.4 15.2 14.8
Neutral-case 11.2 13.1 12.0
Worst-case 9.6 10.8 10.2

All sites remained above the minimum 8% investment threshold even under adverse
conditions, indicating that PPP—distributed finance models can withstand market volatility.

Comparative Observations

Herning achieved the highest IRR (13.1%) due to generous NBF grants and low
operational costs.

Riga showed the largest absolute NPV (€2.8M) owing to high baseline inefficiency
and substantial energy savings.

Trieste demonstrated the most balanced risk-return profile under the Shared-Savings
model, offering both ESCO and community investors moderate but stable returns.

6.5. distributed finance and financing Performance

The distributed finance component played a pivotal role in closing the residual funding gap
(15-20% of total CAPEX) and enhancing project transparency. Across all sites, the distributed
finance campaigns were structured through Concrete Investing, ensuring compliance with
EU Regulation 2020/1503.



Investor Engagement Metrics

Metric Trieste Herning Riga
Total Capital
) 350,000 350,000 350,000
Raised (€)
Number of
92 77 110
Investors
Average
Investment Size 3,800 4,500 3,180
(€)
Local residents (58%), . Mixed community (60%)
. Cooperative members . .
Investor Type  small enterprises (25%), . + diaspora investors
(70%), citizens (30%)
NGOs (17%) (40%)

Participation patterns indicate a strong community investment appetite, particularly in Riga,
where diaspora Latvians contributed significantly through digital channels.

Financial Returns and Risk Buffering

distributed finance investors received returns structured as:
e Fixed component: annual interest 5-7%, derived from guaranteed energy savings.
e Variable component: 30-40% share of surplus savings beyond the guarantee.

The Energy Savings Account (ESA) mechanism effectively mitigated risk—over-performance
years (e.g., Herning +7% savings) built a reserve that compensated underperformance
(Trieste —3% year).

The setup thus balanced financial inclusion with risk assurance, demonstrating that
distributed finance can integrate into institutional-grade PPPs without compromising
investor protection.

6.6. Environmental and Social Impacts

CO; Reduction and Environmental Benefits

Cumulative 25-year CO, savings were estimated using conversion factors from Eurostat
(0.227 kgCO,/kWh):

Site Annual CO; Reduction (t/yr) Lifetime CO, Reduction (t, 25 years)

Trieste 126 3,150

Herning 140 3,500




Site Annual CO, Reduction (t/yr) Lifetime CO, Reduction (t, 25 years)

Riga 305 7,625

Total 571 14,275

These figures correspond to the equivalent of over 6,000 metric tons of oil equivalent (toe)
saved across all sites, underscoring the climate mitigation potential of deep retrofit
programs.

Social Impacts

Social outcomes were equally significant:
e Energy affordability: Tenants’ average heating bills dropped by 30-40%.

e Tenant neutrality principle: In Riga, post-retrofit rent did not increase due to ALTUM
grants.

e Community engagement: 80% of surveyed distributed finance investors reported
enhanced awareness of local energy issues.

e Employment: Construction phases generated 45-55 local job-years per €1M
invested.

These co-benefits highlight that PPP—distributed finance structures extend beyond financial
innovation—they act as social accelerators of decarbonization.

Conclusions

The empirical results from the three SUPERSHINE lighthouse sites—Trieste, Herning, and
Riga—confirm that PPP—distributed finance financing models can effectively address both
financial and social barriers to deep energy retrofits in social housing. This section discusses
these findings in light of the broader literature and explores their implications for policy,
theory, and practice.

Financial Feasibility and Resilience

The model demonstrated consistent financial viability across all sites, with internal rates of
return (IRR) between 11% and 13% and positive net present values (NPV) under both neutral



and adverse market conditions. These figures surpass conventional energy retrofit returns
(5—8%) typically achieved through stand-alone ESCO or grant-based approaches (Bleyl &
Suer, 2018; Boza-Kiss et al., 2021). The integration of distributed finance provided an
additional equity layer representing roughly 15% of total capital expenditure (CAPEX),
significantly reducing the need for commercial debt. Moreover, this community-based
capital proved more stable and less sensitive to interest rate fluctuations compared to
traditional bank lending. Scenario analysis showed that the projects remained financially
sound even under pessimistic energy price and discount rate assumptions, confirming that
PPPs offer a resilient financing structure suitable for long-term energy transition
investments.

Social Discount Rate as a Policy Lever

The application of the Social Discount Rate (SDR) as a blended metric revealed that project
viability is not only a function of market performance but also of public policy valuation of
future benefits. Countries with lower SDRs (Italy, Denmark) yielded higher NPVs for identical
savings levels, reflecting how national economic contexts and public financing shares
directly shape the attractiveness of energy investments. This finding aligns with Florio and
Sirtori’s (2016) argument that social valuation of long-term benefits—such as carbon
reduction and poverty alleviation—should be systematically integrated into investment
appraisals. The PPP model operationalizes this principle by embedding social returns (e.g.,
affordability, inclusion) into financial metrics.

Community Participation and Governance

One of the most distinctive features of the PPP—distributed finance model is its capacity to
democratize energy investment. In all three cases, citizens, tenants, and small investors
became co-financiers and beneficiaries of the retrofit projects. Empirical evidence showed
high investor participation—between 77 and 110 contributors per site—indicating a growing
willingness of citizens to invest locally when governance is transparent. The Energy Savings
Account (ESA) mechanism further enhanced trust by protecting investor returns against
performance variability. This participatory approach contributes to what Polzin, Sanders, and
Stavrakas (2022) call “Public—Private—People Partnerships (4P),” an evolution of traditional
PPPs that include citizens as a third pillar. The results demonstrate that such models can
simultaneously deliver financial returns, social legitimacy, and behavioral change.

PPP Contract Performance

The comparative ranking of PPP models revealed that Shared-Savings structures best suit
publicly owned housing (Trieste), while Guaranteed-Savings models are more appropriate
for cooperative or multi-owner environments (Herning, Riga). This differentiation aligns with
the principle of contextual fit—PPP structures must reflect ownership patterns, tenant
governance, and local regulation. ESCs, while conceptually sound, were less adaptable due
to their complex tariff-based logic and long contractual horizons. Thus, PPP—distributed



finance models must remain institutionally flexible, integrating both legal and social
realities to optimize stakeholder participation.

Social and Environmental Outcomes

Beyond financial returns, the model generated substantial co-benefits:
e Average energy bill reductions of 30—-40%, directly improving affordability.
e CO; abatement exceeding 14,000 tons over 25 years across all sites.
e Employment creation of ~150 job-years collectively during retrofit phases.

e Enhanced public engagement and social trust, measured through investor surveys
and tenant satisfaction feedback.

These outcomes illustrate that energy retrofits, when financed inclusively, act as catalysts for
social innovation and local development, not merely environmental compliance.
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