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Abstract

Retrofitting conventional buildings is a key strategy for climate change mitigation, as
it enhances indoor comfort while reducing energy consumption in countries where old
building stocks are a major contributor to energy use and associated emissions. In North
African and Mediterranean contexts, deep energy retrofits for mid-century office buildings
remain limited, particularly regarding the practical implementation of solutions adapted
to local climatic and economic conditions. This study investigates a deep retrofit of a
mid-20th-century office building in Algeria, aiming to assess its alignment with Algeria’s
2030 climate and energy efficiency objectives. A holistic methodology combining an energy
audit and dynamic simulation with EnergyPlus has been undertaken to evaluate envelope
upgrading, HVAC replacement, and renewable energy supplementation. Retrofit strategies
selected were defined as representative of technically feasible and cost-effective solutions
for Algerian mid-century office buildings, balancing energy performance improvement
and economic viability under local climatic constraints. This study analyzed two retrofit
scenarios: one with a combination of envelope improvements, heat pump replacement, and
supplementation by photovoltaic solar panels, reaching 41% in terms of electricity savings
(=23 t CO, /year avoided), and the other with the VRF system, reaching 54% in savings
(=30 t CO,/year). Consequently, energy intensity is reduced from the base case by around
41-54%. The study contributes to data-driven retrofitting studies and explores innovative,
low-cost strategies that respond to regional climatic challenges.

Keywords: energy efficiency; building retrofitting; photovoltaic systems; environmental
impact; economic analysis; mediterranean climate

1. Introduction

Climate change and the increasing demand for sustainability have made energy effi-
ciency in buildings into a global concern. Buildings are one of the most energy-intensive
sectors and one of the largest sources of greenhouse gas emissions worldwide, and their
performance must be urgently improved to reduce their environmental impact [1]. Energy
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efficiency in buildings has been addressed under a wide variety of climatic contexts, build-
ing typologies, and retrofitting strategies. The terms retrofit, retrofitting, and refurbishment
refer to upgrading existing buildings to modern standards with the aim of extending
their service life and improving performance [2-4]. Compared to demolition and new
construction, retrofitting has several economic, social, and environmental advantages [5].
It avoids waste generation, reduces natural resource usage, and significantly decreases
operational energy consumption and related emissions. Many studies confirmed that the
overall retrofitting cost was lower compared to the cost of constructing new buildings
or demolishing and rebuilding existing ones [5-8]. Moreover, upgrading old buildings
has contributed to sustainability by reducing energy consumption and decreasing related
greenhouse gas emissions. This is particularly relevant today because large portions of
the existing building stock have reached the end of their typical 50-70-year service life.
Therefore, an increasingly large share of the research work has focused on reducing energy
consumption while maintaining indoor comfort and economic feasibility.

In recent decades, a large number of studies have examined retrofit strategies across
international contexts, with special emphasis on Mediterranean climates, tertiary and in-
dustrial buildings, predictive modeling, post-occupancy evaluations, and hybrid renewable
systems. When it comes to Mediterranean climates, several studies have highlighted the
importance of passive design and climate-responsive refurbishments, where the retrofit
is adapted to local conditions such as solar exposure, wind, humidity, and temperature.
Bekele and Atakara [9] compared traditional and modern houses in Turkey and concluded
that energy demand can be significantly reduced by using thick walls to increase thermal
mass, combined with shaded openings and natural ventilation. They found that, com-
pared to a baseline case, these measures reduced energy use by up to 34.7%. Resende
and Corvacho [10] showed that optimizing nZEB building envelopes in Mediterranean
climates—through insulation, glazing, and shading improvements—can enhance passive
thermal comfort and significantly reduce cooling energy demand. Chantzis et al. [11] ex-
amined the coupling of thermal mass and variable-speed heat pumps, achieving enhanced
demand-side flexibility but noting possible rebound effects in consumption. In Portugal,
Gouveia et al. [12] used the Priorit EE decision-support tool in 22 public buildings, identi-
fying significant potential for energy and financial savings and CO, emission reductions.
Brunoro et al. [13] focused on passive retrofitting interventions in Italian suburban neigh-
borhoods built between the 1960s and 1980s, demonstrating that the building envelope
accounts for nearly 50% of total thermal exchanges. Niveditha and Singaravel [14] showed
that appropriately sized hybrid PV-wind systems with battery storage can significantly
improve the economic performance and reduce the grid dependence of Net Zero Energy
office buildings.

Besides the residential sector, tertiary buildings, such as offices, schools, and univer-
sities, represent another target for energy retrofitting. The work of Asif et al. [15] demon-
strated that the integration of PV panels with five energy efficiency measures reduced
the EUI of a Saudi office building from 458.9 to 361.4 kWh/m?-year, while the payback
period was only six years. Oliveira et al. [16] confirm the dominant role of envelope insula-
tion, HVAC and lighting system optimization, and renewable integration. Along this line,
Taheri et al. [17] established that the combination of low-cost measures (increased insula-
tion, replacement of lighting systems with LED, and installation of double-glazed windows)
with the use of new technologies (smart building controls, occupancy sensors, rooftop
PV systems) was able to reduce energy consumption by 53.8%, emissions by 21.8%, and
annual costs by 12.9% compared to the pre-renovation case. Building on the demonstration,
Danial et al. [18] used BIM to show how retrofitting, supported by digital simulation, can
achieve a 68% reduction in energy consumption and obtain LEED certification.
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Industrial buildings also present a great potential for energy efficiency improvement.
Bosu et al. [19] calculated that the integration of PV in an Egyptian industrial complex could
cover 51% of the annual demand of electricity, thus avoiding 232 tons of CO; emissions
annually. Thomsen et al. [20] mentioned that the expansion of existing PV systems in the
Borg El-Arab industrial complex would cover half of the complex’s needs with only a three-
year payback time. Variable-speed drives, improved thermal insulation, and equipment
control optimization further increase the efficiency. Selim et al. [21] analyzed 20 industrial
sites and reported savings of 98 million kWh; 561 million BTU of natural gas; 44 million
gallons of water; and 100,000 tons of CO, emissions avoided. Kluczek and Olszewski [22]
reviewed reports on industrial energy audits and confirmed that energy savings from 5%
to 70% are achievable and very often with a payback period of less than two years.

Predictive models and climate-resilient measures have similarly been increasingly
applied. Roaf et al. [23] highlighted the significance of natural ventilation, passive cool-
ing, and urban sustainability in enhancing resilience to climate change. Chan et al. [24]
analyzed a university campus in the Philippines and found that 63% of total energy con-
sumption was due to air-conditioning; they recommended inverter-based systems and
LED retrofitting as the most effective measures. Ghadi et al. [25], in Queensland, Australia,
applied occupant surveys to correlate climatic variations with heating and cooling loads.
Merabtine et al. [26] audited French schools and reported an average energy consumption
of 142 kWh/m?.year, dominated by heating demand at 97 kWh/m?-year. Sedati et al. [27]
showed that optimizing facade materials can reduce heating and cooling requirements
by up to 26.4%, depending on the climate. Zhang et al. [28] applied a hybrid machine
learning method, GW-LGBM, to predict energy consumption and emissions, with R? above
0.9 and achieved potential savings of 37.8%. Rahmane et al. [29], simulating HVAC and
lighting energy-saving measures in a school building, found that even zero or low-cost
strategies, such as adjusting thermostat setpoints, lighting control by occupancy schedules,
and turning off unused equipment, can reduce electricity use by about 41.9% compared
to the baseline conditions. Lawal et al. [30], in a Nigerian office building, demonstrated
that PV integration, LED retrofitting, and efficient pumping systems reduced electricity
consumption by 48%, avoided 4.4 tons of CO, annually, and yielded a return on investment
of 126%. In a similar way, Harkous et al. [31] identified window-to-wall ratio optimization,
insulation improvement, and glazing enhancement as effective renovation measures in
tropical climates, achieving energy savings between 35% and 60%. Another important
retrofitting dimension concerns post-occupancy studies and indoor environmental quality.
Kim et al. [32] detected that 99% of measured temperatures in a retrofitted university
building in the UAE exceeded comfort recommendations, finding that most complaints
were related to poor ventilation. Mengual Torres et al. [33] noted that replacing inefficient
equipment in Mexican hotels led to energy savings of 9-12% per room on a yearly basis,
demonstrating the value of identifying specific retrofit opportunities. Mohd Ali et al. [34]
analyzed LED lighting upgrades in Malaysian public buildings; this resulted in annual
energy savings of 72-144 MWh with a one-year payback period. In the Mediterranean
region and Algeria, studies by Haddad et al. [35] and Errebai et al. [36] addressed passive
optimization strategies and thermal performance through various heating systems, adding
valuable regional contributions to the broader literature.

In Algeria, the building stock consumes more than 47% of the country’s final energy
consumption, including 21% from the tertiary sector, with an estimated savings potential
of 30 million toe [37,38]. Administrative buildings from the 1950s are mainly made of con-
crete and brick, without insulation, and with single-glazed windows, whose deteriorated
components now have a shortened lifespan and result in serious thermal discontinuity
and high demand for heating and cooling [39-41]. Several international studies have



Buildings 2025, 15, 4247

40f29

investigated retrofit measures for a wide range of building types [9-36], but very few have
focused on the tertiary sector in North Africa and particularly in Algeria, leaving a large
knowledge gap on the energy performance of mid-20th-century administrative buildings
in the Mediterranean climate. Based on the European Standard EN 16247-2:2022 [42], this
paper presents an extended energy audit of a representative office building and investigates
opportunities and challenges for energy requalification in the national context, supported
by the Taka Nadifa program [43] co-funded by the European Union and Algeria. The paper
represents a twofold contribution: first, by addressing a scarcely explored but socially
relevant building type within the Algerian public sector, and secondly by adopting an inte-
grated retrofit approach combining envelope improvement, mechanical system, renewable
integration, and occupants’ feedback. This holistic methodology allows prioritizing energy,
environmental, comfort, and policy issues and provides a replicable model for sustainable
retrofit strategies in comparable Mediterranean contexts.

This study is innovative with regard to two aspects: first, it presents a decision-making
tool for energy retrofit for the Algerian tertiary sector according to the goals of the Taka
Nadifa program; second, it is a contribution toward global sustainability objectives, i.e.,
Sustainable Development Goals (SDGs) 7, 11, 12, and 13. Apart from those, this study
presents a new contribution in analyzing a mid-20th century office building—a typology
comparatively poorly studied in North African and Mediterranean settings. In contrast
to most of the current research targeting residential or newly built nearly zero energy
buildings, this study addresses the pressing necessity of retrofitting existing aging tertiary
buildings that still make up most of the Algerian stock. By combining dynamic simulation,
validation using real energy bills, and user comfort surveys, an integrated approach is
proposed that integrates technical, environmental, and social inputs. This makes the
findings applicable to other Algerian buildings and other similar Mediterranean regions.
For clarity and comparison, Table 1 summarizes the main studies discussed above, detailing
their location, building type, key retrofit measures, and principal findings.

Table 1. Summary of previous studies on building retrofitting.

Study Country/Climate Building Type Retrofit Measures Key Findings
Bekele & Atakara [9] Turkey/Mediterranean Residential Thick walls, .sha}dmg, —34.7% energy
natural ventilation demand
Improved passive
Envelope optimisation  thermal comfort
Southern for passive thermal and reduced
Resende & Corvacho [10] Residential comfort (insulation, cooling energy
Europe/nZEB . .
glazing, shading needs through
strategies) optimised nZEB
envelope design
Thermal mass + Enhanced
Chantzis et al. [11] Greece Residential variable-speed heat ance
flexibility
pumps
. . Decision-support tool ~ CO; and cost
Gouveia et al. [12] Portugal Public (PrioritEE) savings
Brunoro et al. [13] Italy Suburban Pass1Ye envelope Envelope = 50% of
retrofits losses
Niveditha and Global Office PV-wind hybrid Up to 60% CO;
Singaravel [14] reduction
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Table 1. Cont.
Study Country/Climate Building Type Retrofit Measures Key Findings
Asif et al. [15] Saudi Arabia Office PV + efficiency —21% EUL, 6-year
package payback
Oliveira et al. [16] Portugal Office Envglope +HVAC+ Engrgy and cost
ighting savings
Taheri et al. [17] Iran Office Low-cost + smart 53'8. o energy
measures savings
. . . . —68% energy,
Danial et al. [18] Global Office BIM-based simulation LEED certified
. . . 51% demand
Bosu et al. [19] Egypt Industrial PV integration covered
. PV + control
Thomsen et al. [20] Egypt Industrial optimization 3-year payback
Selim et al. [21] Egypt Industrial Energy audits 98 M kWh savings
Kluczek & Olszewski [22] Poland Industrial Audits and retrofits 5-70% savings
Roaf et al. [23] Global Urban Pass?ve'coohng and Iml':)Foved
ventilation resilience
Chan et al. [24] Philippines University LED and inverter 63% cqohng
systems reduction
Ghadi et al. [25] Australia Mixed Climate-sensitive I?emand-weather
loads link
Merabtine et al. [26] France Schools Energy audits 142 kWh/m? year
Sedati et al. [27] Multi-climate Facade Material optimization =~ —26.4% loads
. ML model R%> 0.9, —37.8%
Zhang et al. [28] Global Multi-type (GW-LGBM) energy
Rahmane et al. [29] Algeria School HVAC + lighting —41.9% electricity
Lawal et al. [30] Nigeria Office PV + LED + efficient —48% energy, 126%
pumps ROI
Harkous et al. [31] Tropical Office WWR’ .glazmg, 35-60% savings
insulation
Kim et al. [32] UAE University Post-occupancy 99% > comfort
comfort range
Mengual Torres et al. [33] Mexico Hotel Equipment 9-12% savings
replacement
Mohd Ali et al. [34] Malaysia Public LED retrofit 72-144 MWh/year
Haddad et al. [35] Algeria Residential Passive optimization Improved
performance
. . . . . P Enhanced
Errebai et al. [36] Algeria Residential Heating optimization .
efficiency

2. Methodology

This study provides aims to evaluate the actual energy performance of an office build-
ing from the 1950s in Algiers and investigates a package of retrofitting measures including
roof replacement, window refurbishment, external wall insulation, HVAC replacement
including variable Refrigerant Flow (VRF) systems, and integration of photovoltaic (PV)
panels. We will also discuss the energy savings, potential reduction in CO, emissions,
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y@\ Building audits

and economic feasibility estimated in order to provide practical recommendations for
decision-makers, engineers, and policymakers.

A five-step approach was adopted, as indicated in Figure 1. Preliminary data collection
involved obtaining reported technical information, conducing site visit, and analyzing
the building’s energy consumption through energy bills. Simulation modeling involved
developing and validating an EnergyPlus-based building energy model in the second
step. Thirdly, identification of intervention comprised an evaluation of relative benefits
of diverse possible energy retrofit measures, including improvements to the building
envelope and technical systems as well as integration of renewable energy sources. Fourthly,
performance evaluation comprised the assessment of expected energy and CO, savings,
and the estimation of payback periods for each individual intervention. Finally, combined
interventions evaluated integrated scenarios that encompass multiple measures intended
to achieve maximum energy savings while ensuring cost-effectiveness.
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9 - interventions
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Occupants’ Experience and Feedback |

L <ceeeeee=| Validated Model

payback period

system performance

Gather user feedback on comfort and

Adjust the model and compare simulation
results with actual energy bills

Figure 1. Schematic diagram of the adopted methodology.

3. Building Overview
3.1. Building Description

The building under analysis features a reinforced concrete structural frame with brick
infill walls. Its main facade, oriented to the south (Figure 2a), is characterized by large
balconies shaded by arch structures that serve as shading devices for the office windows.
The north fagade (Figure 2b) includes extensive glazed surfaces corresponding to office
spaces, interspersed with smaller balconies and stairwells that alternate between opaque
walls and translucent glass brick elements. The east and west fagades are blind and
uniformly rendered facades. Overall, the building exhibits significant signs of deterioration,
with notably widespread detachment of plaster layers across most surfaces. The structure
is topped with a pitched roof covered by a highly dispersive metal sheet, which contributes
to substantial heat gains and results in pronounced thermal discomfort throughout the

summer season.
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Figure 2. View of the building: (a) south-oriented main facade, (b) north facade.

Despite the lack of insulation of both opaque and transparent surfaces, the original
design from the 1950s displayed good passive strategies. It originally featured a south
fagade with sloping balconies for winter sun penetration and summer shading and a north
facade with more restrained balconies, as it receives minimum sunshine. Cross-ventilation
was achieved through a central corridor. Light-colored fagades limited summer heat gains.
However, later changes nullified these qualities by enclosing balcony areas as indoor space
on both facades.

There are two general types of windows: wood frames with single glazing; and
aluminum frames with single and/or double glazing. Double-hung windows with fixed
transoms take up a majority of openings on the lower floors. The upper floor features fully
glazed curtain walls composed of aluminum frames and double glazing, with opaque or
transparent sections that are either fixed or operable.

The building has four stories above ground and a partially heated ground floor
containing reception, archives, storage, and technical rooms. Offices and meeting rooms
are on the upper floors. Toilets, corridors, stairwells, and half of the basement are neither
heated in winter nor cooled in summer.

Heating and cooling are provided by air-to-air heat pump systems, i.e., mono-split
types with outdoor and indoor units and monobloc types installed under windows, which
are manual in operation and provide either heating or cooling. The diagnostic survey
ascertained that the building envelope performance is poor and that there is widespread
facade degradation. Figure 3 depicts the building’s floor plans and Table 2 presents the
building’s physical characteristics. The energy performance calculation only considers
the heated volume; therefore, only surfaces adjoining neighboring unheated spaces are
potential heat-loss areas. The main dimensional characteristics of the building are presented
in the table below.
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Table 2. Brief description of the building.

Characteristics Description

Location Algiers, Algeria (latitude 36°44 N, longitude 03°02 E)
Total gross area (including balconies): 1.613 m?

Area Net usable area: 1.155 m?

Net heated area: 743 m?

Construction elements

Walls (internal and external)

Double brick wall (e = 400 mm); U-value= 1.09 (W /m?K)
Double brick wall (e = 300 mm); U-value= 1.38 (W/m?K)
Hollow brick wall (e = 200 mm); U-value= 2.08 (W/m?K)
Hollow brick wall (e = 140 mm); U-value= 2.38 (W/m?K)
Hollow brick wall (e = 100 mm); U-value= 2.94 (W/m?K)

Roof

Sloped sheet metal roof (e = 80 mm); U-value= 8.02 (W/m?K)
Floor

Lower floor (e = 370 mm); U-value= 2.17 (W/m?K)
Intermediate floors (e = 300 mm); U-value= 1.38 (W/m?K)
Windows (17.61% of the total area of the envelope)

9 Aluminum double glazing; U-value= 3.34-4.70 (W/m?K) and
SHGC = 0.45-0.60; 5.43% of the total area of the envelope.

15 Aluminum simple glazing; U-value= 6.23-6.74 (W/m?K) and
SHGC = 0.75-0.85; 7.44%

5 Wood simple glazing; U-value= 4.99-5.93 (W/m?K) and
SHGC = 0.70-0.80, 4.73%

Lighting system

Mainly linear fluorescent lamps housed in ceiling fittings, compact
fluorescent lamps, and spotlights. The lighting power installed in
the building is 5053 W.

Building energy systems

Heating and cooling of the building are provided by air-to-air heat
pump systems, some of mono-split type with indoor and outdoor
units, others of monobloc type mounted under the windows,
manually operated by occupants.

Based on the opening hours of the building and on the insights
coming from the building model (validated with the actual energy
bills of the last three years), these systems are assumed to operate
from Sunday to Thursday, 6 h a day for the ground floor and the
two floors above, and 9 h a day for the top floor due to the very
poor quality metal roof’s excess energy demand.

3.2. Occupants’ Experience and Feedback

To gain deeper insights into the building’s usage patterns and identify its strengths
and weaknesses from the occupants’ perspective, a user survey was conducted. Staff
members of the organization were invited to complete a questionnaire regarding their
experience in the occupied spaces, resulting in 23 complete responses. These responses
provided valuable qualitative data on user perceptions. The feedback enabled a detailed
analysis of occupant experiences across different zones of the building, with key findings
for each thematic area summarized in Table 3.
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Table 3. Main outcomes of the user questionnaire.

Almost all employees occupy the building between 8:00 and 16:00,

Occupancy with few working between 7:00-8:00 and 16:00-18:00.
Almost all occupants use the heating setpoint at 22 °C in winter,
Energy sobriety and over one-third of them lower their offices to 23 °C or colder

during summer.

Winter thermal comfort

72% of occupants are dissatisfied with indoor temperature.
Two-thirds complain of cold-wall effect (mainly on north offices),
and 78% experience draughts. In addition, 28% use electric
convectors as supplement heating. Complaints mainly refer to
temperature non-uniformity, insufficient insulation, and old
windows causing air leakage.

Summer thermal comfort

Natural ventilation suffices in May and October, and can be
extended to June and September as the building possesses good
cross-ventilation potential (if two-thirds of offices with open
doors) and relatively low external noise.

Acoustic comfort

Less than 38% of occupants are disturbed by environmental noise
and 35% by air-conditioning noise.

Visual comfort

56% of the offices are artificially lit up during the day in spite of
the huge potential of natural light. In addition, 26% have sunlight
glare and more than half of the offices lack blinds and curtains.
Still, there are some offices that have blinds or curtains already,
indicating that some of the efforts are already being made.
Internal shading has therefore been identified as a correct
remedial measure.

Indoor air quality

40% of users observed mold, 75% high humidity, and two-thirds
unpleasant odors. Notably, 90% of the windows have no air
intakes to limit poor ventilation. In the absence of mechanical
ventilation, occupants must rely primarily on window airing.

4. Climate Analysis and Energy Demand

The analysis of energy bills of three years includes the total energy consumption
of electrical and heating systems. For analysis purposes, weather conditions must be
considered to understand their impact on energy use. Four main weather parameters
were considered particularly important in this regard: outdoor temperature, global solar
radiation, Heating Degree Days (HDDs), and Cooling Degree Days (CDDs).

4.1. Weather Analysis

HDDs are the sum of daily average differences between the outdoor temperature and
a base temperature of 18 °C (no heating is needed above this point) over the heating season.
CDDs are the sum of the daily difference between the outdoor temperature and a reference
base temperature of 18 °C, indicating cooling demand over the summer season.

Weather data were collected from the Algiers Port meteorological station, available
online [44]. These data were used in the model to assess space heating, cooling, and
electricity demand throughout the three-year analysis period.

Figure 4a presents the monthly average outdoor temperatures and HDD values, while
Figure 4b illustrates the corresponding CDD profile. Table 4 provides the total HDDs,
CDDs, and accumulated sunshine duration over the three-year monitoring period.
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Figure 4. Three-year averaged weather data: (a) averaged outdoor temperature and HDD;
(b) averaged outdoor temperature and CDD [44].

Table 4. Total HDD, CDD and total sunshine duration (h) over the three-year study period.

2019 2020 2021

Total HDD 396 331 423

Total CDD 1242 1239 1261

Total sunshine duration (h) 2811 2938 2701

Table 4 shows Algiers’ Heating Degree Days (HDD), Cooling Degree Days (CDD),
and solar radiation between 2019 and 2021. The results signifies the Mediterranean climate
with warm winters, warm summers, and plentiful solar resources. HDD values are low
between 331 and 423, indicating moderate heating demand. The maximum HDD in 2021
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Electricity consumption

(423) indicates a slightly colder winter. CDD values are high and relatively stable, around
1240-1260, indicating a consistently strong annual cooling demand. Solar radiation varies
from year to year: the maximum occurred in 2020 (2938 h), then in 2019 (2811 h), and
the minimum in 2021 (2701 h). This suggests that 2020 had the clearest skies and highest
solar potential, while 2021 had a cold winter and reduced solar availability. In general,
cooling loads are much higher than heating loads, and solar energy is abundant, although
it demonstrates moderate annual fluctuation. Since the climatic data for these three years
are very similar, the energy audit results will neither be highly influenced nor skewed by
climatic condition fluctuations. This allows the analysis to isolate weather variability from
the overall evaluation of energy use, ensuring that the performance metrics and observed
trends can be attributed primarily to the building’s attributes and operational variables
rather than to climatic fluctuations.

4.2. Actual Energy Consumption Analysis

The energy consumption of the building is analyzed with the goal of creating a
reference baseline to be used while assessing future improvement measures. To that end,
historical three-year electricity bills were reviewed since they are the most reliable source of
actual consumption information. Simultaneously, an inventory of the installed equipment
was drafted and the approximated energy requirement of each department was matched
with billing records in order to verify assumptions made.

The study included electricity usage over 2019, 2021, and 2020, as shown in
Figure 5. The baseline was chosen as the average of the two nearest years (2021 and 2019).
The year 2020 was excluded due to uncharacteristic patterns of usage in response to the
COVID-19 pandemic.
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Figure 5. Three-year monthly electricity consumption.

Air-to-air heat pump systems (indoor and outdoor modules mono-split units and
monobloc units under windows) provide heating and cooling. In winter, offices are heated
to an average temperature of 22 °C and, in summer, they are cooled to 23 °C, with the ex-
ception of the server room at basement level, which remains at a constant 18 °C throughout
the year.

In addition to HVAC equipment, office workstations and lighting also induce elec-
tricity usage. Lighting consumption was estimated using lamp power rating and number
of operating hours and, similarly, office equipment consumption was determined. The
electricity consumption breakdown by end-use is provided in Figure 6.
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Figure 6. Average share of the three-year monthly electricity consumption by energy end-use.

4.3. Main Energy Performance Indicators, Primary Energy Demand, CO, Emissions and Energy
Supply Costs

The total electricity demand for each energy end-use as well as lighting are calculated,
and office equipment use indices are calculated with respect to total net floor area, while
heating and cooling service indices are calculated with respect to only the air-conditioned
floor area.

Table 5 summarizes the electricity consumption in terms of final energy (as shown in
Figure 6). To study the global consumption of the building irrespective of the energy vector
used, it has to be expressed in primary energy (kWh or toe). Moreover, it is essential to
quantify the annual CO, emissions associated with the building’s consumption to ascertain
the effect of the building on the environment.

Table 5. Specific annual electricity consumption by service.

Average Electricity Consumption per Total Net Area Specific Flectna\t{y
Year (kWh) (m2) Consumption per Year
(kWh/m?)
Overall 81,511 1155 70.5
Lighting 8115 1155 7
Equipment 29,120 1155 25.2
Heating 25,982 743 35
Cooling 18,294 743 24.6

The conversion coefficients employed in this study are as follows:

e  CO; emission factor of Algerian electricity grid: 680 gCO,/kWhe;
e  Electricity to tons of oil equivalent (toe) conversion: 1 kWhe = 0.0002386 toe [2];
e  FElectricity to primary energy conversion factor: 2.5 [45].

The expenses indicated in this paragraph do not correspond to the actual annual
expenses incurred for the supply of electricity, but have been recalculated on the basis of
the reference consumption obtained from the invoices (82,224 kWh/year) (Table 6), using
an average price of electricity of 4.19 DA /kWh = 0.029 USD/kWh [45].
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Table 6. Main results of calculations.

Electricity consumption (kWh/year) 81,511

Primary energy (toe/year) 1945

Primary energy (kWh/year) 203,778

CO; emissions (kgCO, /year) 55,449
Electricity expenses 2330 USD/year

5. Model Development

The developed model within the framework of this study is presented in Figure 7. It
illustrates the followed methodological workflow for the dynamic simulation procedure,
from the development of the 3D architectural model up to the optimization of the results
using EnergyPlus 22.2. The procedure integrates building envelope modeling, HVAC
system specifications, and analysis of their interactions with various climatic conditions,
providing a realistic picture of the overall energy performance of the building.
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Figure 7. The adopted workflow.

5.1. Building Performance Simulation

For the assessment of the energy-saving potential for the heating service, a dynamic
simulation model of the building was established using EnergyPlus 22.2 software. The
model was tailored to replicate the actual performance of the building by considering
interactions among the technical systems and the building envelope. The EnergyPlus
simulation process involved specifying building geometry and thermal zones, defining
materials and thermal properties of opaque and glazed components, inputting internal
loads and operating schedules, inputting local weather data, and modeling HVAC systems
based on actual patterns of operation. The model was also calibrated against observed
energy use to ensure accuracy. Several studies have used EnergyPlus effectively for building
retrofit analysis. For instance, Ascione et al. (2016) [46] applied EnergyPlus to identify
cost-optimal retrofitting interventions for schools in the South of Italy by means of envelope
refurbishment and replacement of HVAC systems. Similarly, Ma et al. (2012) [47] performed
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comparative simulations of various energy renovation strategies in office buildings and
demonstrated the advantages of combining a number of interventions.

5.2. Simulation Results

The simulation considered the operation performance of the heating system to predicts
the annual electrical consumption considering building’s heating requirements based on
the set operating schedules, setpoint temperatures, and system details. Figure 8 shows the
predicted monthly energy consumption. The estimated total annual energy consumption
is 26,534 kWh.
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Figure 8. Predicted electricity consumption for heating.
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Simulation results reveal that energy loads within the building are unevenly dis-
tributed across zones, significantly affecting thermal comfort uniformity. Notably, of-
fices on the third floor—located directly beneath an uninsulated and highly dispersive
roof—experience substantial heat losses. As a result, the heat pumps are unable to meet
the required thermal loads, and indoor temperatures fail to reach the target of 20 °C, as

illustrated in Figure 9.
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Figure 9. Energy demand and energy supplied by the heat pump serving one of the offices on the top floor.
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The simulation data also highlight a pronounced seasonal variation in heating energy
consumption. During winter months (January, February, November, and December), peak
demands exceed 1200 kWh in some top-floor offices, while the heat pump delivers only
600-800 kWh, leading to a persistent energy deficit. This shortfall is most severe in third-
floor rooms due to their elevated thermal losses, resulting in significant thermal discomfort.

Conversely, in autumn and spring, the required and supplied energy align more
closely, and both drop to near zero in summer, indicating minimal heating needs. From
a scientific standpoint, these findings underscore the necessity of enhancing thermal
insulation—particularly at roof level—and re-evaluating the capacity and operational
strategy of the heat pump. Additionally, integrating auxiliary heating systems could help
maintain thermal comfort throughout the year.

5.3. Model Validation

The model developed under the above assumptions was compared with the actual
energy consumption data estimated from the energy inventory, which had previously been
verified using available billing records. The inventory data-simulation result difference
was found to be less than 5%, which is within desirable levels. The model can thus be
claimed to be validated. The comparison of inventory-based and simulated consumption is
presented in Table 7.

Table 7. Comparison between model and inventory consumption.

Enerev Usage Actual Energy Predicted Energy
8y & Consumption (kWh) Consumption (kWh)
Cooling 18,294 17,531
Heating 25,982 26,534
Equipment 29,120 29,815
Lighting 8115 8201
Overall 81,511 82,224

Based on ASHRAE Guideline 14 (2014) [48], the calibration quality was also verified
by the Normalized Mean Bias Error (NMBE) and Coefficient of Variation of the Root Mean
Square Error (CV(RMSE)) measures, as derived from the simulation and compared monthly
energy consumption. The derived values (INMBE| = 1.7% and CV(RMSE) = 4.6%) are
completely within the limits established by ASHRAE (INMBE| < 5% and CV(RMSE) < 15%
for monthly data), confirming the reliability and accuracy of the EnergyPlus model for the
following retrofit simulations.

6. Retrofitting Towards Building Energy Requalification

Starting from the observation of the strengths and weaknesses of the building, possible
retrofitting for energy requalification of the building were identified. These concern both
building envelope and HVAC systems, as well as the integration of renewable energy
sources. With regard to the envelope, retrofitting includes the installation of insulated
sandwich panels for the roof, replacing old external windows and doors, and applying
external thermal insulation on the walls. When it comes to HVAC systems, interventions
concern the replacement of old air-conditioning systems with more efficient equipment and
the addition of a centralized VRF system that provides more performance and flexibility.
Moreover, the integration of renewable energy is included in the form of photovoltaic solar
panels so that the grid electricity dependence as well as CO, emissions can be minimized.
The potential energy savings was then assessed, first by looking at each intervention on its
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own, and subsequently by looking at an overall intervention scenario. The measures’ cost
was estimated using the CYPE Price Generator [49].

6.1. Roof Insulation

Retrofitting the existing metal roof was prioritized to enhance thermal comfort on the
top floor and to reduce both heating and cooling energy demands. The measure involved
the removal of the existing metal sheets, the mounting of insulated sandwich panels
(galvanized steel-polyurethane-galvanized steel), available in markets, with a minimum
10 cm thick polyurethane (PUR) core, and the mounting of finishing tiles. The galvanized
steel facings are weatherproof and structural, and the PUR insulation is of high thermal
performance. A ventilated air gap was left between the insulation layer and the tiles to
prevent overheating. Shaped metal tiles were proposed as a substitute for traditional clay
tiles, being lighter in weight, easier to install, and less maintenance. Simulation results
indicated that the new roof assembly has a thermal transmittance of 0.265 W/ m2-K, which
significantly improves the envelope thermal performance. The parameters and results of
this measure are summarized in Table 8.

Table 8. Roof intervention summary:.

Parameter Value/global Electricity Price
Roof area 300 m?
U-value before intervention 8.022 W/m2K
U-value after intervention 0.265 W/m2K
Total cost * USD 14,269
Annual electricity savings 10,032 kWh/year
Annual cost savings ~1906 USD/year
CO; emissions avoided ~6.8 tCO, /year
Primary energy savings ~25,081 kWhp/year (~2.16 toe)
Payback period /7.5 years

* The global average electricity price is USD 0.19 for 2025 [50].

Table 8 determines the energy efficiency and monetary indicators of a roof insulation
action considering global average electricity price. While the energy saved annually is the
same at 10,032 kWh/year and CO, emissions saved is the same at 6.8 tCO, /year, the cost
saved annually and payback period vary considerably due to the differences in electricity
prices. For the global average cost of electricity utilized of 0.19 USD/kWh, cost savings
every year are substantially higher at ~1906 USD/year, resulting in the payback period
of just 7.5 years. This indicates that economic justification for energy efficiency measures
greatly depends upon electricity costs, whereas the environmental benefits remain identical.

6.2. Openings Replacement

The second envelope intervention was to substitute the original single-glazed wooden
doors and windows, in poor state, with aluminum frames that incorporate thermal breaks
and double-glazed, low-emissivity, argon gas-filled glass. With this intervention, there
was a significant improvement in thermal performance. U-values were lowered from over
6.3 W/m?K to around 1.7 W/m?K, depending on the frame type. The global performance
impacts and associated costs of this retrofit measure are given in Table 9.
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Table 9. Window and door replacement summary.

Parameter Value (Global Average Electricity Price)
Total surface replaced ~130 m?
U-value before intervention 3.34 t0 6.74 W/m?K
U-value after intervention 1.5-1.75 W/m?K
Total cost * USD 76,445
Annual electricity savings 3627 kWh/year
Annual cost savings ~688 USD/year
CO; emissions avoided 2467 kgCO, /year
Primary energy savings 9068 kWhp/year (0.87 toe)
Payback period 111 years

* The global average electricity price is USD 0.19 for 2025 [50].

Table 9 presents the energy performance and monetary indicators of an intervention on
a building envelope with a total area of approximately 130 m2. The U-value decreases from
4.1-6.3 W/m?K to 1.5-1.75 W/m?K after the intervention. The electricity savings per year
is still 3627 kWh/year, corresponding to savings of CO, emissions of 2467 kgCO, /year
and primary energy savings of 9068 kWhp/year (~0.87 toe). With an assumed global
average cost of electricity as 0.19 USD/kWHh, the savings in cost per year increases to
~688 USD/year, with the payback period being 111 years. While slightly longer, this
illustrates how the economic returns on energy efficiency are highly sensitive to the cost of
electricity, while the environmental benefits are always the same.

6.3. Exterior Thermal Insulation of the Building Envelope

The outside wall’s thermal insulation targets the building’s north-, east-, and west-
facing fagades and is undertaken in conjunction with door and window replacement
in order to prevent thermal bridges and loss of continuity of insulation. As an ex-
ample, the current wall is a double brick wall with a total thickness of 480 mm and
made up of an inner plaster coat (10 mm, A = 0.7 W/m-K), a first brick coat (190 mm,
A =0.72 W/m-K), an air cavity (50 mm, A = 0.18 W/m-K), and a second brick coat (220 mm,
A =0.72 W/m-K), finished off with an outer plaster coat (10 mm, A = 0.7 W/m-K). The inter-
vention provides 80 mm thick EPS insulation panels (A = 0.036 W/m-K, R = 2.22 m?-K/W)
above the outer wall and includes thermal bridge corrections with EPS at window frame
and balcony points to prevent condensation and mold. Opaque panels on the north
facade are replaced with brick units to ensure wall continuity. Together, the layers re-
duce the mean wall transmittance from 1.38 W/m?Kto 0.33 W/m?K. To supplement this
technical assessment, a full cost analysis of the levels of insulation was carried out, spec-
ifying the surface area of all of the wall types and the associated investment. These are
presented in Table 10.

Table 11 shows that the wall insulation retrofit significantly improves the thermal
performance of the building by reducing annual electricity demand by 7920 kWh. While
the savings in energy are considerable, the financial returns are very sensitive to electricity
prices: with international prices (0.19 USD/kWh), it is about 12.2 years. Regardless of
costs, the retrofit ensures certain environmental advantages of saving about 5.39 tons
CO, emissions and 19,800 kWh primary energy per year. Overall, the intervention is
highly energy-efficient and environmentally valuable, but economic feasibility is greatly
contingent on electricity price.
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Table 10. Cost analysis of external wall insulation.

Wa-ll Type Area [m?] U_Befzore U_Afzter Total Cost

Thickness [W/m“K] [W/m“K] [USD]
40 cm 461.00 1.099 0.310 14,611.88
20 cm 45.68 2.084 0.379 1447.88
14 cm 32.16 2.38 0.390 1019.34
10 cm 41.86 2.945 0.370 1326.80

Total Walls — — — 18,405.90

Table 11. External wall insulation summary:.

Parameter Value (International/Global Electricity Price)
Wall area 580.7 m?
Total cost * USD 18,406
Annual electricity savings 7920 kWh/year
Annual cost savings ~1504 USD/year
CO; emissions avoided ~5.39 tCO, /year
Primary energy savings ~19,800 kWh/year (~1.89 toe)
Payback period ~12.2 years

* The global average electricity price is USD 0.19 for 2025 [50].

6.4. Replacement of Conventional Air-Conditioning Units Integrating High-Efficiency Heat Pumps

The replacement of conventional split-type air conditioners with high-efficiency heat
pumps was selected as the initial energy efficiency upgrade intervention in the building.
The previous equipment had relatively lower performance ratings, whereas the new equip-
ment offers higher Energy Efficiency Ratio (EER) and Coefficient of Performance (COP),
ensuring better performance for the cooling and heating seasons.

The intervention involved the substitution of 10 units, each having a cooling capacity
of 3.6 kW and a heating capacity of 4.1 kW. A more detailed breakdown of the units that
were substituted appears in Table 12.

Table 12. Comparison between old and new heat pump units.

Parameter Old Unit New Unit
Cooling Capacity (kW) 3.5 3.6
Power Input—Cooling (kW) 1.7 1.12
EER 2.06 3.21
Heating Capacity (kW) 3.5 41
Power Input—Heating (kW) 1.8 1.05
CcopP 1.95 3.90
Quantity to Replace (units) 10 10
Unit Cost * N/A USD 1404
Total Cost * N/A USD 14,043

* The global average electricity price is USD 0.19 for 2025 [50].

The intervention generates quantifiable but moderate energy savings of 3855 kWh/year
that translates to 5% of the building’s total electricity use. The savings are greater in the
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heating season (11%) due to the higher COP of the new units, while cooling accounts for
about 5%. Table 13 summarizes the energy, environmental, and economic performance of
the intervention in terms of both local and international electricity prices (Table 13).

Table 13. Energy and Environmental Performance of the Intervention of replacement of conventional
air-conditioning units.

Indicator Value (International/Global Electricity Price)
Annual Electricity Savings 3855 kWh/year
% of Total Building Consumption 5%
Heating Savings 11%
Cooling Savings 5%
Energy Cost Savings * ~732 USD/year
CO; Emissions Reduction ~2.62 tCO, /year
Primary Energy Savings ~0.92 toe/year (~9638 kWh/year)
Payback Period ~19 years

* The global average electricity price is USD 0.19 for 2025 [50].

The results show that the economic payback time varies substantially according to the
energy price scenario. Using the international average price of electricity (0.19 USD/kWh),
the annual savings are about 3855 kWh/year, the payback is around 19 years, which
compares better with the lifetime of the equipment. Apart from its economic advan-
tage, the intervention additionally presents clear environmental benefits, with savings of
~2.62 tCO, /year and 0.92 toe/year of primary energy, depicting its relevance from the
aspect of sustainability and energy transition.

6.5. Installation of a VRF System

The second intervention scenario is the replacement of installed decentralized heat
pump units with a Variable Refrigerant Flow, or VRE, system. This system provides high-
end zonal control that can only offer the amount of refrigerant needed in every zone. This
makes the system more efficient since the energy use of heating and cooling is maximized
compared to traditional split units. The technical characteristics of the VRF system are
presented in Table 14.

Table 14. VRF Characteristics.

cor Pch (W) Pr (W) EER
3.38-5.38 85-103 96 3.93

The VRF system allows substantial energy saving. During the heating mode, electricity
usage is reduced by 5220 kWh/year, i.e., by 20%, and during the cooling mode, there are
savings of 3870 kWh/year, i.e., 21% less. As a whole, the intervention achieves total annual
savings of 9090 kWh, which corresponds to some 11% of the whole annual electricity use
in the building (82,636 kWh).

The investment cost of the VRF system is estimated at USD 124,171. The economic and
environmental effectiveness of the intervention was measured using the global average
price of electricity (0.19 USD/kWh [50]). The results are given in Table 15.



Buildings 2025, 15, 4247

21 of 29

Table 15. Energy and Environmental Performance of the intervention of installation of a VRF system.

Indicator International Electricity Price *
Annual Electricity Savings 9090 kWh/year
% of Total Building Consumption 11%
Heating Savings 20%
Cooling Savings 21%
Energy Cost Savings ~1727 USD/year
CO, Emissions Reduction ~6.18 tCO, /year
Primary Energy Savings ~2.17 toe/year (~22,725 kWhp/year)
Payback Period ~106 years

* The global average electricity price is USD 0.19 for 2025 [50].

The results show that the VRF system realizes gigantic energy and environmental
advantages, saving around 6.18 tCO, /year and 2.17 toe/year (~22,725 kWhp/year) of
primary energy. The economic payback time remains exceedingly long for global electricity
price scenarios—it is about 106 years.

This implies that while the VRF system has evident technical and environmental
advantages, it remains economically unsustainable within the current Algerian economic
context, in which energy prices remain highly subsidized.

6.6. Installation of a PV System

The last intervention is related to the implementation of a solar photovoltaic (PV) sys-
tem to partially offset the building’s reliance on grid power, which is solely non-renewable
in the area. The system proposed comprises 60 silicon monocrystalline modules, with
an installed capacity of 10.8 kWp, installed on the roof facing south, which is completely
unobstructed to maximize year-round exposure to the sun.

Based on solar irradiation conditions of the region, simulation indicates that the system
can produce approximately 15,766 kWh/year, which represents 19% of the building’s total
annual electricity load (Figure 10). This significantly reduces the building’s dependence on
the national grid as well as maximizes the share of renewables in its energy mix.
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Figure 10. Electricity production by the PV System during the year.
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The total investment cost of the system is around USD 19,070. An overview of energy
savings, cost savings, and payback period in relation to the international average electricity
price (0.19 USD/kWh) is presented in Table 16.

Table 16. Energy and environmental performance of the intervention of installation of solar photo-
voltaic system.

Indicator International Electricity Price *

Investment Cost USD 19,070

Annual Electricity Generation 15,766 kWh/year

% of Total Building Consumption 19%
Energy Cost Savings ~2995 USD/year
CO, Emissions Reduction ~10.72 tCO, /year
Primary Energy Savings ~0.76 toe/year (~39,415 kWhp/year)

Payback Period ~6.4 years

* The global average electricity price is USD 0.19 for 2025 [49].

The results show that the PV system pays a significant contribution to generating
renewable electricity, providing nearly one-fifth of the building’s total annual energy
requirement. The monetary aspect shows that for the annual savings estimated under
internationally prevailing prices of electricity, the annual savings remain nearly as high as
USD 3000 and the payback time is around 6 years.

Environmentally, the system has substantial gains, avoiding around 10.72 tCO, /year
and saving 0.76 toe/year (~39,415 kWhp/year) of primary energy. This highlights its
important contribution to decarbonization, although its economic benefits are limited
under subsidized domestic energy prices.

7. Combined Retrofitting Scenarios

The succeeding tables depict an overview of the above measures with a focus on
energy savings depicted in Table 17 and cost savings reported in Table 18 that could be
obtained through the different energy efficiency measures, each estimated independently.
Subsequently, the potential savings through joint adoption of the energy efficiency measures
are determined. Under conditions of interference among the measures, joint adoption refers
to the situation where overall savings are not the sum of the independent savings.

Tables 17 and 18 illustrate the anticipated impact of each energy efficiency measure on
electricity use, primary energy savings, and CO; reductions, in addition to their respective
economic performance. The assessment was carried out for each measure separately in
order to analyze its potential contribution to overall energy efficiency in the building. These
were then combined in order to analyze possible interactions among interventions, as
concurrent implementation does not result in an arithmetic sum of individual savings
because their impacts overlap (e.g., between HVAC upgrades and insulation). Among the
envelope interventions, roof replacement (INV.1) is linked with important electricity sav-
ings (12%) at a moderate investment and a fairly short payback period (7.5 years globally).
Window replacement (INV.2) is otherwise not effective at all in terms of energy savings
(4%) and remains the least cost-effective one due to its high investment. Wall insulation
(INV.3) is better with energy savings of around 10% and an equally well-balanced payback
period (12.2 years), justifying the efficacy of combined envelope upgrades. Among the
mechanical systems, replacement of a heat pump (INM.1) and VRF system installation
(INM.2) also saves energy but with the price of longer payback times because they are
more expensive to install. The photovoltaic system (INF.1) is optimal, offering the greatest
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energy and environmental payback (19% less primary energy and over 10 tons of CO,
avoided annually) and shortest payback time (6.4 years based on the international electricity
price). Overall, the evaluation identifies that thoughtful coordination of chosen retrofitting
options—focusing on high-return and cost-saving solutions—is the key to optimum en-
ergy efficiency, improved indoor comfort, and improved environmental sustainability for
existing buildings.

Table 17. Summary of energy savings for individual retrofits.

Annual Energy . . -
Category Retrofit Code Savings— E“eliffes(‘;slng g::;ﬂfgrz’ (i‘;\e];% Asgéf;“(‘;zfé‘:s)
Electricity (kWh)
Envelope ~ Replacement 10,032 12% 25,081 6.8
of the roof
Replacement  \ry; 3627 4% 9068 2.46
of openings
_ Wall INV3 7920 10% 19,800 538
insulation
. Replacement
Mechanical of heat INM.1 3855 5% 9638 2.62
installations
pumps
Installation of o
a VRF system INM.2 9090 11% 22,725 6.18
Renewable  Photovoltaic  \p. g 15,766 19% 39,41 10.72
energy installation
Table 18. Summary of Cost Savings for Individual Retrofits.
Cateso Code Annual Savings Annual Savings Investment Payback (Years)
gory (USD Local) (USD International) (USD) International *
INV.1 284 1906 14,269 7.5
Envelope INV.2 117 688 76,445 111
INV.3 238 1504 18,406 12.2
INM.1 118 732 14,043 19
Systems
INM.2 276 1727 114,974 106
Renewables INF.1 413 2995 19,070 6.4

* The global average electricity price is USD 0.19 [50].

7.1. Scenario 1

Now, it is considered appropriate to implement all the proposed measures simulta-
neously, except for the VRF system installation (INM.2), which cannot be implemented in
parallel with the heat pump replacement (INM.1). The energy and cost savings resulting
from Scenario 1 are presented in Tables 19 and 20. The calculated energy and cost savings
for Scenario 1 are shown in the following tables.
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Table 19. Energy Savings—Scenario 1.
Annual Energy . Primary Primary CO; Emissions
REE Retrofit Savings—Electricity Eneli‘izas(;v)mg Energy Energy Avoided
(kWh/year) ? (Toe/Year) (kWhp/Year) (kg/Year)
INV.1+INV2 +
Scenario 1 INV.3 + INM.1 34,122 41% 8.14 85,304 23,203
+INF1
Table 20. Cost Savings—Scenario 1.
. Cost Savings Investment Costs Payback Time (Local Cost)
REF Retrofit (USD/Year) (USD) (Years)
INV.1 +INV2 +
Scenario 1 INV.3 + INM.1 + 984 131,579 20.3

INF1

Scenario 1, incorporating roof replacement, opening replacement, wall insulation,
heat pump replacement, and photovoltaic installation (excluding the VRF system), exhibits
satisfactory energy and environmental performance but unfavorable financial attractiveness
under local conditions. The retrofit achieves 34,122 kWh of electricity savings per year,
equal to 41% of the baseline consumption, 8.14 toe of primary energy savings, and around
23.2 tons of CO, avoided per year. Specific electricity consumption after the retrofit is
41.6 kWh/m? year (18.8 for heating and 16.7 for cooling), testifying for significant efficiency
gains throughout end-uses. Economically, however, despite the significant energy and
emission savings, the scenario’s high up-front investment results in a long payback period
at the current local electricity tariffs. At global energy prices (0.19 USD/kWh), the annual
savings rise to approximately USD 6483 and the payback period shortens to 20.3 years,
which greatly improves the economic attractiveness.

Scenario 1 (roof replacement, window replacement, wall insulation, heat pump re-
placement, and PV; no VRF) (Table 21) delivers strong energy and environmental benefits
but weak financial benefit under local tariffs. Annual electricity savings reach 34,122 kWh
(41%), equivalent to 8.14 toe (85,304 kWhp) and about 23.2 tCO;/year avoided. The
post-retrofit specific consumption drops to 41.6 kWh/m?-year (heating 18.8, cooling 16.7),
confirming effective demand reduction across end-uses.

Table 21. Specific electricity consumption—Scenario 1.

Electricity Specific Electricity
End-Use Consumed—After Net Area [m?] Consumption
[kWh/Year] [KkWh/m?-Year]
Heating 13,987 743 18.8
Cooling 12,405 743 16.7
Total building 48,102 1155 41.6

Economically, however, the scenario saves only 984 USD/year against an investment of
USD 131,579, yielding a local payback of ~134 years. When assessed at the international elec-
tricity price of $0.19/kWh, the same energy savings would produce about 6483 USD/year,
shortening payback to ~20.3 years. Overall, Scenario 1 is energetically and environmen-
tally high-impact, but financially unattractive at current local prices; its viability markedly
improves under higher (international) energy prices.
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7.2. Scenario 2

A second solution is considered in which a VRF system replaces the heat pumps.
As per this configuration, it is feasible to install a smaller machine (50 kW power) at
lower cost because the building energy needs are reduced by the retrofits on the envelope.
Tables 22 and 23 show the calculated energy and cost savings for scenario 2.

Table 22. Energy Savings—Scenario 2.

Retrofit Elect'r1c1ty . . Pr1mar¥ Energy Primary Energy CO, En}lssmns
REE (Scenario 2) Savings %o Savings Savings Savings (KWhp) Avoided
(KWh/Year) (toe/Year) 8 P (kg/Year)
Scenari INV.1 +INV.2
O +INV3+ 44,172 54% 10.54 110,431 30,037
INM.2 + INF1
Table 23. Cost Savings—Scenario 2.
. . Cost Savings Investment Costs Payback Time
Retrofit (Scenario 2) (USD/Year) (USD) (International Cost) (Years)

INV.1 + INV.2 + INV.3 +
INM.2 + INE1

1251 213,500 25.5

Scenario 2, which includes roof replacement, opening replacement, wall insulation,
installation of VRF system, and photovoltaic panels, is more energy and environmentally
efficient compared to Scenario 1. The annual total electricity savings are 44,172 kWh, which
is 54% less than the baseline, 10.54 toe of primary energy savings, and 30 tons of avoided
CO; emissions annually. Economically, Scenario 2 is more enriched with energy-saving
potential but involves a high investment cost (~USD 213,500). Based on the international
electricity price assumption (0.19 USD/kWh), the annual monetary savings would be
approximately USD 8393, and the payback period would be approximately 25.5 years, a
reasonable rate in long-term building retrofits.

In Scenario 2, the building has a total specific electricity use of 32.9 kWhe/m?, well
down from the baseline. The heating load is down to 11.6 kWhe/m?, and for cooling it
drops to 9.9 kWhe/m? (Table 24). These results confirm that Scenario 2 not only reduces
the overall energy consumption of the building but also optimizes energy efficiency in both
heating and cooling services, demonstrating the pivotal role of envelope improvements,
installation of the VRF system, and incorporation of photovoltaics.

Table 24. Specific electricity consumption—Scenario 2.

g:i:glf)i; Confti:::gc(ll?"/\fhe) Net Area (m’) Coiziﬁiolﬂii’t&cﬁz}/’mz)
Heating 8599 743 11.6
Cooling 7381 743 9.9

Total building 38,052 1155 32.9

8. Conclusions

This research explored deep energy retrofit potential of a mid-20th-century office
building in Algiers with the aim of aligning building performance with Algeria’s 2030 en-
ergy efficiency and climate goals. The investigation combined an in-depth energy audit,
occupant survey, and dynamic simulation using EnergyPlus to evaluate a range of envelope,
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HVAC system, and renewable energy measures. The approach and results taken provide a
replicable decision-making aid for the energy requalification of administrative buildings
built in the 1950s and 1960s that still represent a high percentage of the Algerian tertiary
building stock.

The analysis reveals that the building suffers from significant thermal losses, primarily
due to inadequate insulation, deteriorated facades, and outdated HVAC systems. Its base-
line electricity consumption exceeds 82 MWh per year, corresponding to approximately
70 kWh/m?2 annually. To address these inefficiencies, a series of targeted interventions
were implemented, including roof insulation, window replacement, external wall insula-
tion, installation of high-efficiency HVAC equipment, and the integration of PV systems.
These measures led to a substantial enhancement in the building’s energy performance.
Two comprehensive retrofit scenarios were evaluated at a global scale to assess both the
technical feasibility and cost-effectiveness of integrated solutions.

Scenario 1, involving envelope improvement, heat pump replacement, and PV ad-
dition, resulted in a reduction in total consumption of electricity by approximately 41%,
representing 34 MWh/year, equivalent to 8.14 toe of primary energy and the avoidance of
over 23 tons of CO, emissions annually. Scenario 2, in which a Variable Refrigerant Flow
(VRF) system replaced the conventional heat pumps, achieved higher savings of about 54%,
or 44 MWh /year, corresponding to 10.54 toe and nearly 30 tons of CO, avoided per year.
Overall, specific energy consumption after retrofit was reduced to 33-42 kWh/m?-year,
indicating a significant improvement in the energy efficiency of the building and indoor
comfort conditions.

From an economic perspective, while both scenarios registered significant energy
and environmental benefits, financial calculation based on the current local electricity
tariffs (~0.03 USD/kWh) led to very long payback times of 134 years for Scenario 1
and 170 years for Scenario 2, making them economically unviable under present market
conditions. However, when priced at global electricity rates (~0.19 USD/kWh), the same
retrofits fare much better, and payback times shorten to a little over 2025 years. The most
economical individual measures were rooftop insulation and photovoltaic systems, with
global paybacks of approximately 7.5 and 6.4 years, respectively. These findings point to
the sensitive reliance of retrofit viability on energy pricing policy and to the promise of
tariff reform and incentive policies in achieving impact.

Aside from the quantitative findings, the research has general relevance to national
climate strategy. By demonstrating that retrofitting a typical public office building from the
1950s can cut electricity use and CO, emissions by nearly half, this research provides tangi-
ble evidence of how the building sector can contribute to Algeria’s Nationally Determined
Contribution (NDC) to the Paris Agreement. The proposed retrofits are of direct applicabil-
ity to the country’s commitment to reduce greenhouse gas emissions by 7% unconditionally
and up to 22% with international support by 2030. Scaling up similar retrofits across the
public and tertiary building stock would not only constitute a significant contribution to
these national targets but also enhance energy security, comfort, and resilience in the built
environment. Here, the research demonstrates how scientific research can directly support
policy implementation and climate action.

Furthermore, this study demonstrates the benefit of an integrated approach incorporat-
ing envelope improvements, efficient systems, and renewable energy. The results confirm
that this integrated approach provides better energy and environmental performance
than any single measure. Practically, a staged implementation roadmap is recommended:
prioritize PV and roof insulation first to gain prompt energy and emission advantages;
proceed with selective facade insulation and high-performance glazing; and retrofit me-
chanical systems last as part of a broader modernization effort. Such staging would be
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Nomenclature

For clarity and consistency, the main symbols and acronyms used throughout the paper are summa-
rized in Nomenclature. These terms are adopted in the following sections, particularly within the
methodology, simulation model, and discussion.

Symbol/Acronym Definition Unit/Description
A Surface area m?

CDD Cooling Degree Days °C.day

CO, Carbon dioxide emissions —

(€0) Coefficient of Performance —

CV(RMSE) Coefficient of Variation of the Root %
Mean Square Error
EUI Energy Use Intensity kWh/m?-year
INV.1: Roof replacement;
INV Envelope retrofits INV.2: Openings replacement;
INV.3: Wall insulation

INM.1: Replacement of heat pumps;

INM Mechanical installations INM.2: Installation of VRF system
INE Renewable energy measures INF.1: Installing photovoltaics
N/A Not Availabler

NMBE Normalized Mean Bias Error %

PV Photovoltaic system —

SHGC Solar Heat Gain Coefficient —

U-value Thermal transmittance W/m?K

VRF Variable Refrigerant Flow System  —
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