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ABSTRACT

The transition to low-temperature heating systems is a crucial step in enhancing energy
efficiency and reducing carbon emissions in the building sector. This study explores the
feasibility of reducing supply temperatures in an existing residential heating system while
maintaining occupant thermal comfort and optimizing energy consumption. By integrating
monitored data with dynamic simulations in EnergyPlus, the research evaluates the impact of
various radiator supply temperatures and proposes a preheating strategy to mitigate thermal
discomfort.

The analysis demonstrates that reducing the supply temperature from 75°C to 65°C maintains
acceptable thermal comfort levels, with a marginal increase in discomfort below this threshold.
The study also introduces a preheating strategy, which successfully reduces peak power demand
and improves morning thermal conditions without significant additional energy consumption.
These findings highlight the potential for optimizing heating system performance through

strategic scheduling and temperature management.

A detailed assessment of the thermal comfort indicators, including Predicted Mean Vote (PMV)
and Predicted Percentage of Dissatisfied (PPD), revealed that supply temperature reductions
can be achieved while keeping discomfort levels within acceptable limits. The study further
examined how preheating enhances comfort stability by reducing abrupt temperature
fluctuations, leading to a more consistent indoor environment. These strategies were evaluated
against a baseline scenario to quantify their effectiveness in both energy savings and comfort

improvements.

The research also emphasizes the role of heating system adaptability in facilitating the transition
to low-temperature district heating networks. The findings indicate that significant energy
savings can be achieved without requiring major modifications to the building envelope, making
supply temperature reductions a feasible solution for existing buildings. However,
complementary measures such as improved insulation and dynamic control systems could

further enhance performance.
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1.

INTRODUCTION

Climate change is one of the most critical challenges of the 21st century, requiring urgent
transformations in how energy is produced, distributed, and consumed. The building sector
plays a significant role in this challenge, contributing approximately 36% of total greenhouse

gas emissions and consuming nearly 40% of the European Union's total energy [1].

A major concern is that around 75% of EU buildings are energy inefficient, highlighting the
pressing need for sustainable renovations and innovative energy solutions. The space heating
demand of residential buildings amounts to 68% of their total energy consumption [2]. The heat
demand of residential buildings is often supplied by fossil fuels, which results in heat
related carbon emission. The carbon emissions of buildings should be reduced to meet climate
policy goals of 2030 [3]. The fossil-based heat supply to residential buildings is characterized
by a high supply temperature and corresponding heating power, providing a high level of

thermal comfort.

Due to its strong impact, the European Union acts mainly on the building sector in order to
reduce greenhouse gas emissions by 55% by 2030, with the major objective of decarbonizing
the existing building stock and achieving nearly zero-emission buildings by 2050.[4], the EU
has implemented ambitious policies, such as the Energy Performance of Buildings Directive
(EPBD), which mandates that all new buildings achieve zero emissions by 2028[5].

In parallel, efforts are being made to improve the energy performance of existing buildings
through efficiency upgrades and the integration of low-carbon heating solutions. Among these
solutions, district heating networks have gained prominence, as they allow for the incorporation
of renewable energy sources and waste heat recovery while enabling lower temperature

operation to improve system efficiency.

However, transitioning to low-temperature district heating presents challenges, particularly
regarding existing buildings’ ability to operate efficiently with reduced supply temperatures.
Retrofitting building envelopes and upgrading heating systems are key strategies to facilitate

this transition, but the feasibility of such changes requires thorough evaluation. A critical aspect
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of this evaluation is determining how reducing radiator supply temperatures impacts energy

consumption and indoor thermal comfort.

OBJECTIVE OF THE WORK

The primary objective of this thesis is to assess the readiness of an existing building to reduce
radiator supply temperatures while ensuring energy efficiency and maintaining occupant
comfort. This assessment is conducted by integrating dynamic building simulations in
EnergyPlus software with real-world monitoring data, allowing for a comprehensive evaluation

of energy performance and thermal comfort under different operating scenarios.

Beyond general energy efficiency, this research aims to evaluate the building’s performance
under different temperature setpoints, identifying potential constraints and opportunities for
optimization. This work contributes to the broader goal of improving the sustainability of

district heating networks and supporting the decarbonization of the building sector.

This study specifically investigates the need for temperature reduction in heating systems,
focusing on the performance of the heating system at different supply temperatures. By studying
the impact of upgrading the building envelope and improving the thermal characteristics of the

structure to enhance energy efficiency and support lower-temperature heating operation.

To achieve this, the building’s structure and heating system—including the radiators as terminal
units—are modelled using EnergyPlus. The model is validated against monitored data to ensure
accuracy in replicating real operational conditions. By leveraging both simulation and real-
world data, this study provides a robust framework for evaluating how existing buildings can

adapt to low-temperature heating strategies.

A key aspect of this research is determining the range of supply temperature reductions that can
be implemented without significantly compromising thermal comfort. By analysing Predicted
Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) indicators, the study
provides insights into the feasibility of low-temperature heating in existing buildings,

contributing to sustainable building practices and the decarbonization of the heating sector.



3.

PREVIOUS WORKS

European research has consistently supported the use of district heating systems for
decarbonizing the building sector. Notable studies, such as those by Miika Rama and Kari
Sipild, analyzed the shift to low temperature heating networks, emphasizing implications for
internal building distribution systems [6]. Another pivotal study by Dorte @stergaar and Svend
Svendsen validated the feasibility of low-temperature operation in residential radiator systems

while maintaining thermal comfort [7].

These foundational ideas have been expanded in a thesis work by F. Bolda and N. Di Nunzio
[8], which validated an RC model for analysing thermal behaviours in retrofit residential
buildings. Their work focused on integrating dynamic simulations from EnergyPlus with
simplified RC models to evaluate temperature reductions at emission terminals. This research
demonstrated that the RC model, coupled with building envelope retrofitting, could achieve
low-temperature operation (50°C) in district heating scenarios, aligning with decarbonization

goals.

Additionally, research from Delft University [9] examined the minimum supply temperature
required to ensure thermal comfort in existing dwellings. By fitting a 2R—2C model to hourly
measurement data obtained from 220 gas-fired dwellings, the study determined that the
minimum supply temperature could be lower than 55°C for 60% of the dwellings during design
weather conditions (—10°C in the Netherlands). This data-driven approach highlighted that the
ratio between the required and installed heat output of radiators is a promising parameter for
predicting the minimum design supply temperature that guarantees an acceptable indoor

temperature.

This thesis improves upon previous work by evaluating the building’s response to low
temperature heating strategies, specifically focusing on how supply temperature reductions
impact thermal comfort and energy efficiency and it develops and extends their findings by
integrating real-world monitoring data with dynamic simulations using EnergyPlus. This study,
by assessing the range of temperature reductions that can be achieved without compromising
occupant comfort, builds on prior efforts to decarbonize heating networks while contributing to

sustainable building practices.



4.

WORK STRUCTURE

The structure of the thesis work is reported below:

» Chapter 1: Methodology
Explanation of the calculation model used (EnergyPlus Simulation). Integration of monitoring
data and simulation approach, Overview of the building and heating system modelling process.

» Chapter 2: Validation of the Model
Presentation of the case study, validation of the Building Envelope Model against monitoring
data. Development of a detailed HVAC system model, including radiators and control
strategies.

» Chapter 3: Analysis of Temperature Reduction
Simulation of different radiator supply temperatures and their impact. Assessment of thermal
comfort indicators (PMV & PPD). Evaluation of the energy performance at lower supply
temperatures.

» Chapter 4: Improving Strategies
Exploring the impact of preheating strategies and changing setpoints on thermal comfort and
energy savings.

» Chapter 5: Discussion & Conclusion

Summary of key findings from validation, temperature reduction, and improvement strategies.

10



S.

METHODOLOGY

This chapter presents the structured approach used in the study, outlining the key modeling

phases and different simulated scenarios. Below is the revised conceptual workflow of the thesis

structure.

CASE STUDY

Building envelope
model

The study follows a systematic approach, beginning with the modelling of the building
envelope, followed by the development of the HVAC system model. Each phase is validated

with monitored data before proceeding to the last phase which is energy performance

Plant Energy systems
Model

Model Validation

Supply temperature

Figure 1Workflow diagram

assessments and comfort analysi

11

reduction

OBJECTIBVES

Maintaining thermal

comfort




5.1 Building Envelope Model

The first step involves developing the building envelope model using Energy Plus. This model
defines the thermal properties of the building structure, including Insulation levels and material
properties of walls, roofs, and floors. Glazing properties, including U-values and solar heat gain
coefficients. Airtightness and infiltration rates, determining uncontrolled air exchange. Internal
heat gains from occupancy, lighting, and equipment. By isolating the envelope from HVAC
system influences, this phase ensures that the thermal response of the building is accurately

captured.

5.2 Plant Model

Once the building envelope model is validated, the next step is the development of the HVAC
system model. This phase integrates the actual plant which consists of the district heating
network supplying energy to the building. A heat exchanger that transfers thermal energy to the
secondary loop. Radiators used for space heating, Control strategies, including temperature
setpoints, schedules, and thermostat operation. This phase ensures that the plant model correctly

replicates the actual heating operation observed in the building.

To simplify the modeling process while maintaining the fundamental characteristics of the
actual system, the plant has been represented in the model as a boiler, a radiator, and a pump.
This approach reduces the complexity of the simulation while preserving the key thermal

dynamics and control strategies of the real system.

5.3 ENERGY PLUS

This software is used within this work to simulate in detail the reference building and all the
energy requalification’s associated with it. Energy Plus [10] is a whole-building energy
simulation software used to model buildings and their systems to analyze energy consumption
for heating, cooling and ventilation. This dynamic simulation program uses energy balance

simulations that include convective and radiative phenomena.
It allows the user to analyze existing non-retrofitted building thermal zones at different time

phases and simulate their interaction with the environment and HVAC systems. The advantages

of using this software are the ability to perform dynamic simulations of the building with a

12



temporal precision of less than an hour. It allows you to create a modular system simulation that
interfaces with the thermal balance calculation for individual zones.

Furthermore, it allows you to insert external data into the program as calculation input, for
example weather files or power and temperature profiles. This software works for several
internal models and the disadvantage is that it is not always possible to know which model the
software is applying. In addition, Energy Plus does not allow the simultaneous simulation of
groups of buildings, and this makes it difficult to simulate entire neighborhoods or residential

areas

5.4  Validation with Monitoring Data

The accuracy of both the building envelope and Plant models is assessed through a validation
process, where simulation results are compared to measured indoor temperature and energy
consumption data. Adjustments are made to infiltration rates, internal gains, and system

operation to refine the model and ensure realistic behaviour.

Use of the Model to Simulate Temperature Reduction Scenarios and Comfort Assessment with
the validated model, simulations are conducted to explore the effects of reducing radiator supply
temperature on Energy demand, system efficiency and Thermal comfort indicators, including
PMV and PPD values. Different temperature setpoints and heating schedules are tested to
determine the minimum supply temperature that maintains acceptable comfort conditions while

optimizing energy use.

To validate the building energy model against monitoring data, a set of Key Performance
Indicators (KPIs) that assess the accuracy of the simulation in replicating real-world conditions.
These KPIs typically are statistical error for energy performance Metrics: These indicators
measure the deviation between simulated and measured values for the heating energy

requirement and peak power consumption.

'HVAC: Heating, Ventilation and Air Conditioning
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Mean Bias Error (MBE): indicates the average difference between the measured and the
simulation. This index can be seen as the percentage difference between the measured power

and the simulated power
Equation 1

Y.(Measured — Simulated)

MBE =
N

Normalized Mean Bias Error (NMBE): Indicates the average percentage difference between the

measured and simulated values, normalized by the mean of the measured values.

Equation 2

Y. (Measured — Simulated)
N * mean measured

NMBE =

Root Mean Square Error (RMSE): measures the variability of the error between the measured
power and the simulated power and gives an indication of how well the simulation follows the

trend of the measurements.

Equation 3

Y. (Measured — Simulated)2
RMSE =

N

Coefficient of Variation of the Root Mean Square Error (CVRMSE): Represents the standard
deviation of the error between measured and simulated values, normalized by the mean of the

measured values.

Equation 4

\/ {Z (Measured — S imulated)Z}
N

mean measured

CV RMSE =

2 N: Number of hours considered (timestep)
3 simulated: The value obtained from the model
* measured: The value obtained from the monitoring data

14



55 THERMAL COMFORT

The thermal comfort model developed by Fanger in the 1970s provides a quantitative method to
evaluate human comfort in indoor environments. Fanger's model assumes that thermal comfort is a
result of the balance between the heat produced by the human body and the heat exchanged with the
environment. Two key indicators from Fanger's model are the Predicted Mean Vote (PMV) and the
Predicted Percentage of Dissatisfied (PPD).

The PMV is a numerical index that represents the average thermal sensation of a group of people within
a space on a seven-point thermal sensation scale, ranging from -3 (cold) to +3 (hot), with O being

neutral. The PMV is influenced by factors such as air temperature, radiant temperature, humidity, air

velocity, clothing insulation, and metabolic rate.

Thermal sensation vote
+3 Hot
+2 Warm
+1 Slightly warm
0 Neutral
-1 Slightly cool
-2 Cool

Table 1:seven-point thermal sensation scale

The PPD, on the other hand, quantifies the percentage of people likely to feel

uncomfortable (either too hot or too cold) at a given PMV.

100
90 -
80 -
70 -
60 -
50 -
40
30 -
20 -

0 T T T T T 1
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
PMYV

Figure 2 : PPD as a function of PMV (Source)
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5.6 Improving Strategies

To further enhance energy efficiency and indoor comfort, alternative strategies are explored, including
preheating the building to a lower setpoint and refurbishment scenarios. Specifically, preheating is
implemented by setting the indoor temperature to 19°C before occupancy hours to analyze its impact
on reducing morning heating spikes and improving thermal comfort. This approach aims to understand
the correlation between energy usage and occupant comfort by assessing whether a gradual heating
strategy can lead to a more stable indoor environment while optimizing energy consumption.
Additionally, refurbishment scenarios, such as enhancing insulation or upgrading glazing, are
evaluated to determine their effectiveness in reducing heating demand and improving comfort
conditions. The insights will help identify the most efficient measures to lower energy consumption

without compromising occupant well-being

2 PMV: Predicted Mean Vote.
3 PPD: Percentage of People Dissatisfied

16



6.

CASE STUDY

In this chapter we analyze the building that will be used as a reference throughout the work.
The case study building serves as the reference for this work, providing a representative
example of typical buildings in Lodi. Its architectural and thermal characteristics reflect the
common construction practices in the municipality, making it a relevant model for energy

performance analysis.

The validation of this case study will provide a benchmark for assessing other buildings with
the same typology in Lodi, enabling the application of similar energy efficiency strategies and

retrofit measures to improve overall building performance in the region.

6.1 Location and weather conditions

The building on which the analysis of this thesis is applied to is a residential multifamily
building [13] constructed in the 60s located in Lodi in the Lombardy region of Italy. This
region experiences hot, humid summers with average high temperatures reaching 30°C,
and cold winters with average low temperatures to approximately 0°C. Seasonal variations
in temperature make accurate building energy modeling crucial for optimizing thermal

comfort and energy use

6.2 Geometry

The building has a floor area of 2040.75 m2 it’s consisted in seven floors with total height

of 21.7 m; the measurements were taken fromGoogle Earth.

17



Figure 4. Building photo from Street View

Geometric dimensions Values

Internal floor area [m2] 2040.75
External building volume [m3] 14280
Gross Wall Area [m2] 5855

Window opening area [m2] 1606.40

Table 2. Building geometric dimensions

Since we are interested in the whole building energy needs it’s better to simplify its
geometry. Therefore, the building is modeled as a parallel-pied by maintaining the height

and the base area.

Figure 5. Simplified representation of the building

18



As for the arrangement of the windows, the building has windows only on the longsides,
having mostly north and south exposure. The windowed area is calculated with the rule of
the air-lighting ratio. The value of the ratio R is assumed to be 1/8 as per Ministerial Decree
of 5 July 1975, where the ratio between the net area and theplan area is set at 0.7. The

window surface is calculated as shown in equation (3).

Equation 5

Sw =x Net * Ra x Anet ™ Nfloors

In this way the window surface Sw It is 1250 mz and, as shown in figure 5, half is arranged

towards the south and half towards the north.

6.3  Stratigraphy

The stratigraphy and transmittance values, the building archetypes from the 60s found in
[12] were taken as references. In particular, the various thicknesses were chosen to obtain

a transmittance like that reported by the archetypes.

L aver Thickness Conductivity SPECIfic  pensity  Resistence U
aye [cm] [W/mK] heat  [kgim?  [mPK/W] [WimK
capacity ]
[KJ/kg K]
External EPS 14 0.70 1.00 1800 0.03
XUl perforated 24 0.36 0.84 1000 086 1.415
wall brick
EPS 14 0.70 1.00 1800 0.03
EPS 1 07 1 1800 0.02
Floor  partitionwall 17 0.36 084 1000 064 2.055
Partition wall 18 0.36 0.84 1000 0.67
Roof EPS 15 0.7 1 1800  0.02 1.917
U wWimk] 9 Va['_‘]‘e
Window 4.94 0.8

Table 3: Building stratigraphy

EPS®: Expanded Polystyrene
19



6.4 Internal gains and schedules

The internal loads considered are occupancy loads and loads due to the use of electrical
devices. The occupancy load is 0.04 persons/m2 with 70W/person The trend of the
occupancy rate is shown in figure 12

-
o
o

e
0
o

o
(=]
(8, ]

People occupancy schedule
]
v
o

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 6:Trend of occupation load [Reference]

Furthermore, the load due to the use of electric equipment of a 4 W/m value is considered

the trend shown in figure 7.

1.00

0.75 _|—|_

0.25 —

Electric equipment schedule
(=)
(]
L]

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 7: Load trend for use of equjpment [18]

In the simulations, the air exchange load is 0.4 vol/h. throughout the day, divided equally

between natural ventilation and infiltration.
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6.5 HVAC system

The HVAC system implemented in the case study building is identified through monitoring
data gathered from the network operator and it’s designed to ensure thermal comfort during
the heating season, leveraging a district heating network as the primary heat source. The
district heating system is connected to a heat exchanger, which transfers thermal energy to
the building's hydronic distribution system. The heated water is circulated through radiators
via a circulating pump, ensuring uniform space heating across all thermal zones. The
system operates during the heating season, which extends from October 15th to April 15th,
with daily operating hours from 6:00 AM to 10:00 PM.

Despite local regulations recommending 20°C a setpoint of 21°C is maintained, this higher
setpoint highly contributes to indoor thermal comfort conditions. The configuration is
modeled to reflect both the technical characteristics of the system and the actual operational

practices observed in the monitoring data, ensuring an accurate energy performance

assessment.
Outdoor air
temperature
—
Space heating I
@ Space heating
Supply temperature
Dq ‘ _— = = == =
DiStl‘.iCt DH return DHW
heating supply temperature

District

heating return

Figure 8: HVAC system Configuration
21



1.

Monitoring data

Monitoring data were gathered from district heating network operator. The data were recorded
over the entire year with a time step of 15 minutes, providing a detailed temporal resolution of
the building’s heating performance and included power consumption, mass flow rate, supply

temperature, and return temperature of the radiator system.

Upon reviewing the monitoring data, it was observed that data during the winter season for the
months of November, December, and January were incomplete as shown in the following table.
Consequently, the months of February and March will be utilized as the reference period for the

analysis in this study.

) Energy Needs
Date/Time [MWh]
January 161
February 115
March 77
April o4
May 0
June 0
July 0
August 0
September 0

October 21
November 29
December 0

Table 4. monitoring data monthly needs and loads

The monitoring data provided detailed information on the mass flow rate within the primary
circuit, with a peak value of 28.6 m3/h and an average value of 3.06 m3/h. The district heating

supply temperature reached a maximum of 106°C, with an average of 61°C, while the supply
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temperature peaked at 71°C and had an average of 41°C. The radiator system, however, was set

to be supplied at 75°C, with an average temperature differential (AT) of 11°C

Building energy model application

This chapter outlines the process of developing a comprehensive building energy model,
which is carried out in two distinct stages to ensure accuracy and robustness.” The first
stage involves the creation of a detailed building envelope model, which simulates the
thermal characteristics of the building's exterior. This model is then validated against actual
monitoring data to ensure its reliability in predicting energy behavior under real-world
conditions. The second stage focuses on the integration of the HVAC system into the
model. In this phase, the HVAC system is implemented, and the model undergoes a
revalidation process using the same monitoring data. This revalidation is critical as it
establishes a reliable reference point for the system’s performance, especially when
analyzing the impact of reducing the supply temperature of the radiators while maintaining

thermal comfort and energy efficiency.

8.1 Estimation of the building energy needs through

building’s envelope model

This building envelope energy model is created using the Ideal Loads Air System feature
which simulates perfect heating and cooling conditions, delivering the exact amount of energy
required to maintain indoor comfort, without accounting for system-specific inefficiencies or

operational constraints.

8.2  Ideal Loads Air System
The Ideal Loads Air System is a simplified HVAC modeling approach used when the goal is

to analyze a building's performance without simulating a complete HVAC system. In this
setup, the Ideal Loads Air System typically functions as the only conditioning component,
eliminating the need for detailed air or water loop configurations. Instead, the user only needs
to define zone controls, zone equipment configurations, and the ideal loads system component

to simulate heating and cooling demand effectively
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Since this study focuses primarily on the heating season, no cooling setpoint was assigned,
meaning there will be no cooling loads or requirements in the Ideal Loads simulation. A single
thermostat-controlled heating setpoint temperature of 21°C was established and applied from
October 15" to April 15™.

Date/Time Total I-|[<:j1\;c\|lrr|§ Energy
January 200.50
February 135.03

March 65.27
April 22.08
May 0.00
June 0.00
July 0.00
August 0.00

September 0.00
October 13.25

November 107.89

December 172.38

Table 5. Building envelope model energy requirement and monthly loads
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Figure 9: annual trend of the sensible heating loads
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The peak heating load reaches 895 kW, Observed in the beginning of January.

Building envelope model Validation

Before developing the detailed HVAC model, it is essential to validate the Ideal Loads model
against monitoring data. This validation serves as a crucial step in ensuring the reliability of the
baseline model, which will act as the reference for comparison when transitioning to the detailed
simulation. The validation process involves comparing key performance indicators between the
Ideal Loads simulation and real-world measurements, the validation will focus exclusively on

February and March, where complete data is available.

9.1 Power Trends

1200 e=smmMonitoring data
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Figure 10:February Heating power time profile
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Figure 11: March Heating power time profile
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The trends of the Ideal Loads model against monitoring data for February and March indicate a
strong correlation in heating demand dynamics. The simulated power profile closely replicates
the temporal distribution of thermal load variations, accurately capturing the cyclic nature of
peak and off-peak heating demand.

Although the monitoring data shows that the peak power demand was 958.1 kW in February
and 722.5 kW in March, while the Ideal Loads model predicted peaks of 781.8 kW and 567.5
kW for the same months, the discrepancy can be attributed to the supply temperature limitation
in EnergyPlus, which is capped at 75°C. In contrast, the monitoring data reveals that the supply
temperature sometimes exceeded this value during actual operation. Despite this difference, the
alignment between the two datasets suggests that the model effectively represents the thermal

response of the building under operational conditions.

9.2 Statistical errors

Additionally, as part of the validation process between the Ideal Loads model and the
monitoring data, the Mean Bias Error (MBE) and Root Mean Square Error (RMSE) were

calculated for February and March as a single evaluation period.

Normalized Errors

35.00%
30.00%
25.00%
20.00%
15.00%
10.00%

0.00%

mNMBE = CVRMSE

Figure 12: Error calculation between monitoring data and building envelope model

The results showed an MBE of -12.5 and an RMSE of 40.3. To ensure consistency, these values

were normalized using the mean monitoring data of 138.5 kW, yielding a Normalized Mean
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10.

Bias Error (NMBE) equals 9% and a Coefficient of Variation of RMSE (CV(RMSE)) equal
29%. According to ASHRAE Guideline 14, the acceptable limits for hourly calibration are
NMBE within £10% and CV(RMSE) below 30%. The obtained NMBE and CV(RMSE) fall
within these thresholds, confirming that the Ideal Loads model provides a sufficiently accurate
representation of the building’s energy performance before further refinements are
implemented.The Ideal Loads system assumes perfect distribution and instantaneous load
satisfaction, which may not fully capture real-world system inefficiencies, such as response

delays or variations in heat transfer dynamics.

Furthermore, the building envelope model has been previously validated in Gabriele Cerri’s

thesis [12], further reinforcing confidence in the simulation’s reliability.

Building HVAC system implementation
\6/
= 4 1 \
O
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Figure 13: HVAC system modeled

To accurately model the implemented system in the case study building in Lodi, a simplification

was applied. Instead of representing the system as a district heating network with a heat
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exchanger and radiators, it was modeled as a boiler and radiator system as demonstrated in the
figure below. This approach was chosen to focus on the secondary circuit’s delivery
temperature, which is the primary objective of this study

The boiler, modeled using the Boiler:HotWater object, operates with a nominal thermal

efficiency of 85%, ensuring adequate heating capacity to meet the building’s thermal demands.

The hot water circulation is managed by a variable Speed pump, which adjusts flow rates
dynamically based on system demand, optimizing energy efficiency, the pump specifications
have been auto sized by the software.

The radiators implemented are a high-flow temperature radiator system was introduced using
the ZoneHVAC:Baseboard:RadiantConvective:Water. the sizing of the system was based on
the annual energy demand, ensuring that the heating requirements were met. The system design

followed these specifications:

e Hot water flow temperature setpoint: 75°C
e Temperature difference across radiators: 11°C

e Internal air setpoint temperature: 21°C with a deadband of £0.5°C

Schedule Switch ON/OFF

1.2

0.8
0.6
0.4

0.2

S L

1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24

Hours [h]

Figure 14: Heating system schedule profile

Analysis of the monitored data revealed that the heating system operated for approximately 16
hours per day during the winter season. Consequently, an on/off schedule was introduced in the

model to align with the building's occupancy patterns, as illustrated in Figure 14.
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EnergyPlus models radiator heat exchange using the &-NTU method for a water-air heat
exchanger [17]. This approach calculates the exchanged heat as a function of the heat capacity
rate and the inlet fluid temperatures. The software treats the radiator as a constant-flow water-
air heat exchanger, determines the UA value [W/K] of this exchanger, which is fixed in the
model and does not change based on supply temperature adjustments. Despite the variation in
supply temperature, the UA value remains constant, as it is not an adjustable parameter in the
user interface of the ZoneHVAC:Baseboard:RadiantConvective:Water object Which was
selected, as it is the best fit for the model when only the inlet conditions of the interacting fluids

(water and air) are known, such as T_water = 75°C and T_air = 21°C.

The air temperature trend within the heated zone by the means of the radiator system is
presented in Figure 14, alongside the outdoor temperature and mass flow rate trends. The flow

rate profile on January 1st, representing a typical winter day, highlights the system's on/off

operation.
= 7/0ne Air Temperature [C](Hourly) e Qutdoor Air Temperature [C](Hourly) = Hot Water Mass Flow Rate [kg/s](Hourly)
25.00 14.00
20.00 12.00
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Q.
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()
= 5.00
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0.00 2.00
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-5.00 0.00

Time

Figure 15: Flowrate, Outdoor Temperature, Zone Temperature.

During morning startup, a delay in reaching the setpoint temperature was observed due to the
system's thermal inertia, which led to a peak in the mass flow rate. This delay occurs because
the heating system is restarted after being off overnight, during which the building's temperature

drops below daytime levels.
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After ensuring the validity of the building envelope model through comparison with monitored
data, the next step is to validate the detailed plant model against the Ideal Loads model in terms
of energy consumption and peak power demand and to validate it against monitoring data in

terms of mass flowrate.

Date/Time Hea;liasvir;ergy
January 195.85
February 131.60

March 64.15
April 21.90
May 0.00
June 0.00
July 0.00

August 0.00

September 0.00
October 13.30

November 106.20

December 168.6

Table 6. Plant model energy requirement and monthly loads
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Although, this figure reveals an almost perfect alignment in trends power demand of the
Building and the Plant model, demonstrating the model’s high accuracy in capturing the thermal
and energy behavior of building. The building envelope’s Ideal Loads Air system shows higher
peak loads because it assumes instantaneous heating with infinite capacity and no distribution
losses. In contrast, the building HVAC model accounts for thermal inertia, system modulation,
and distribution inefficiencies, which smooth out peak demands. As a result, the detailed model
has lower and more distributed peak loads compared to the Ideal Loads model.

To validate the Detailed HVAC model against the Ideal Loads model, the Mean Bias Error
(MBE) and Root Mean Square Error (RMSE) were computed for February and March as a
single evaluation period.

14.00% Normalized Errors

12.00%
10.00%
8.00%
6.00%
4.00%
0.00%

ENMBE m CVRMSE

Figure 17: Error calculation between monitoring data and building System mode/

As shown in figure 17 the analysis yielded an MBE of 5 and an RMSE of 26.2. These values
were normalized resulting in a Normalized Mean Bias Error (NMBE) of 2.6% and a Coefficient
of Variation of RMSE (CV(RMSE)) of 13.1%. According to ASHRAE Guideline 14, a model

is considered well-calibrated for hourly data
The near-identical power profiles indicate that the model successfully replicates the building’s
heating dynamics, accurately reflecting both the magnitude and temporal distribution of energy

demand.

31



9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00

620

11.

From the monitoring data, the average mass flow rate was 7.65 kg/s, and this value was used as
input for the model. The purpose of this comparison is to verify that both datasets follow the
same trend, ensuring that the model accurately represents the dynamic behavior of the real

system
e Model flow rate
Mass Flow rate [Kg/s] o
== Monitoring data flowrate
630 640 650 660 670 680

Figure 18: Mass flow rate comparison

Figure 18 presents a comparison between the mass flow rates obtained from monitoring data
and the simulation model. The two datasets exhibit a similar overall pattern, with both capturing
peak flow rates and system operating cycles. While monitoring data appears more variable,
likely due to sensor noise and real-world operational fluctuations, the model effectively

replicates the system’s general behavior.

Thermal Comfort Analysis

This analysis is essential in this study to assess the feasibility of reducing radiator supply
temperatures while maintaining acceptable indoor conditions for occupants. Lowering the
supply temperature is a key strategy for improving energy efficiency and reducing carbon
emissions in heating systems. However, without a thorough evaluation of thermal comfort, such
reductions could lead to discomfort, negating the benefits by prompting occupants to use
secondary heating sources or adjust thermostat settings, potentially increasing energy
consumption. By calculating PMV and PPD indicators, this study ensures that any
modifications to the heating system do not compromise occupant comfort. Additionally,

thermal comfort assessment provides a quantitative measure to validate the heating system’s
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performance and ensures compliance with international standards such as ISO 7730 and
ASHRAE 55, which define acceptable indoor conditions.

In this study, several parameters were considered to model the thermal comfort conditions in a
residential building, these parameters values were assigned based on typical conditions for
residential buildings, with clothing insulation reflecting seasonal variations, air velocity
considering natural ventilation, and activity level corresponding to a sedentary metabolic rate

for consistency, the following parameters will remain fixed across all scenarios simulations:

Clothing insulation:

Summer: 0.5 Clo

Winter: 1.0 Clo
Air velocity:

0.01 m/s assuming naturally ventilated condition
Activity level: 100 W

11.1 Thermal Comfort Analysis For Base Case Scenario

In this study, the evaluation of thermal comfort using the PMV and PPD indices is conducted
exclusively during the heating period, as this phase is critical for ensuring occupant comfort in
cold conditions. However, to gain deeper insight into the indoor temperature distribution
beyond the PMV-PPD analysis

An additional frequency-based classification is introduced to categorize temperature
occurrences, allowing for a more detailed evaluation of deviations from the optimal range. This
approach not only assesses how often these deviations occur but also quantifies the extent to
which temperatures exceed or fall below comfort thresholds. By analyzing both the magnitude
and duration of these variations, valuable insights can be gained into the performance of the
heating system. Identifying periods of overheating and underheating enables the refinement of
heating control strategies, ensuring a better balance between thermal comfort and energy

efficiency.
This classification categorizes the conditioned zone temperature into five distinct ranges:
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A\

Below 18°C — Represents underheated conditions, leading to a complete occupant
discomfort.

18°C to 19.5°C — Indicates a cool and far from optimal conditions

19.5°C to 20.5°C — Represents a transition zone, where conditions not yet optimal.
20.5°C to 21.5°C — Represents the optimal comfort band,

YV V V V

Above 21.5°C — Represents overheated conditions, which may lead to unnecessary

energy consumption.

To assess the impact of radiator supply temperature on thermal comfort and indoor temperature
distribution, this phase of the study begins with an initial radiator supply temperature of 75°C.
The simulations are then conducted progressively, reducing the supply temperature in 5°C
increments down to 45°C. This stepwise approach allows for a detailed analysis of the

deviations in thermal comfort and temperature distribution at each level.

By systematically lowering the supply temperature, this analysis provides insights into how
much the radiator power consumption can be reduced while maintaining acceptable comfort
levels. Understanding this relationship helps identify the lowest possible supply temperature
that does not significantly impact the PMV and PPD indices, ensuring that occupant comfort is
preserved. This approach also highlights the potential for energy savings, as reducing the supply
temperature directly lowers the energy demand of the heating system, contributing to both

improved efficiency and reduced carbon emissions without compromising thermal comfort.

By analysing the frequency of temperature occurrences within these categories throughout the
entire heating period, this approach provides a more detailed understanding of the thermal
conditions within the building This classification helps quantify the duration and extent to which
the indoor environment remains within or deviates from the optimal comfort range. More
importantly, this analysis is crucial for assessing the potential of decreasing the supply
temperature of the heating system. By identifying periods where indoor temperatures remain
within the comfort range even at lower supply temperatures, it becomes possible to determine
the extent to which the heating system can operate efficiently with reduced temperatures without

compromising occupant comfort.

11.1.1 Thermal Comfort Indicators
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For the initial case, where the radiator supply temperature is set to 75°C, the average PMV
throughout the entire heating period is -0.74, indicating a slightly cool thermal sensation but
still within an acceptable comfort range, it takes into account the thermal conditions of the
building for both periods when the heating system is active and when it is off, providing a

comprehensive assessment of the indoor environment throughout the entire duration.
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Figure 19: PMV Hourly Values
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Figure 17: PMV and Zone air Temperature

11.1.1 Temperature Distribution Frequency Analysis
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Breaking down the temperature trend into occurrences, where each occurrence represents an
hour during the heating period, provided valuable insights. The data was classified into five
categories to assess the distribution of indoor temperatures and their impact on thermal comfort

and energy efficiency. The results are as follows:

» Above 21.5°C — 248 occurrences (5.65%) — Overheated conditions, potentially leading
to unnecessary energy consumption.

» 20.5°C to 21.5°C — 2828 occurrences (64.39%) — The optimal comfort range where
most occupants feel thermally neutral.

» 19.5°C to 20.5°C — 234 occurrences (5.33%) — Slightly cool but still within a
reasonable comfort level.

» 18°Cto 19.5°C — 144 occurrences (3.28%) — Cool conditions, possibly leading to mild
discomfort.

» Below 18°C — 938 occurrences (21.36%) — Underheated conditions, indicating
potential discomfort for occupants.

Temperature frequency percentage

e

|

m>215 m20.5-21.5 m 19-20.5 = 18-19 m <18

The temperature distribution analysis shows that most of the time (64.39%), the building
operates within the optimal comfort range of 20.5°C to 21.5°C, ensuring occupants feel
thermally neutral. However, there are instances of both overheating (5.65%) and underheating
(21.36%), which could lead to unnecessary energy consumption and occupant discomfort.
Slightly cooler conditions (19.5°C to 20.5°C, 5.33%) remain acceptable but may present minor

opportunities for improvement. Overall, while the system generally maintains comfortable
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temperatures, addressing the underheated and overheated periods could optimize both energy

use and thermal comfort.

However, it is important to note that these results cannot be validated against actual indoor air
temperature measurements, as no monitoring data from the building was available to directly
assess the indoor temperatures. Therefore, while the analysis provides useful insights into the
potential comfort conditions, the exact accuracy of the temperature distribution cannot be

confirmed without real-world data.

The table below provides an overview of the PPD values across the heating period, showing the

total and monthly averages:

Total February March

23.36 % 31.25% 11.95%

Table 7: PPD total and monthly averages

This data indicates that already there is a high percentage of discomfort in which February
experienced higher PMV values, likely due to colder external temperatures, while March

showed lower PMV values as outdoor conditions improved.

Most of the time (64.39%), the indoor temperature remains within the optimal comfort range
(20.5°C to 21.5°C), suggesting that the system is effectively maintaining comfort conditions.
A significant portion of occurrences (21.36%) fall below 18°C, highlighting potential thermal

discomfort in some cases, which could be addressed by system tuning.

The PMV value of -0.74 suggests that, on average, the space is slightly cooler than neutral but

still acceptable for comfort.

11.2 Impact on thermal comfort analysis with radiator supply

temperatures variation

The analysis conducted for the 75°C supply temperature case has been systematically repeated
for the other cases, progressively reducing the supply temperature in 5°C increments down to

45°C It is important to note that these analyses were carried out without making any
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modifications to the heating system or the radiators. The radiator system, along with all other
components, remained unchanged throughout the study. This approach isolates the impact of
the supply temperature on thermal comfort and energy performance, ensuring that the results
reflect the effect of temperature adjustments without any alterations to the radiator or system

configuration.

11.2.1 Temperature Distribution Frequency Analysis

Temperature (°C) | >21.5(%) | 20.5-21.5(%) 19-20.5(%) | 18-19(%) | <18 (%)

75 5.65 64.39 5.33 3.28 21.36
70 5.65 64.16 5.28 3.46 21.45
65 5.65 63.48 5.46 3.83 21.58
60 5.65 61.7 6.53 4.03 22.09
55 5.62 57.47 9.36 4.78 22.77
50 5.6 50.59 11.66 7.45 24.7
45 5.58 41.33 13.34 8.61 31.15

Table 8: Temperature Frequency Doma
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Figure 20: Temperature frequency classes

At higher supply temperatures (75°C to 65°C), the distribution of temperature domains remains
relatively stable, with a significant percentage of time spent within the ideal comfort range
(20.5-21.5°C). This indicates that higher supply temperatures effectively maintain consistent
indoor comfort levels As the supply temperature decreases from 65°C to 45°C, there is a
noticeable decline in the percentage of time the indoor temperature remains within the ideal
range (20.5-21.5°C).

11.2.2 Thermal Comfort Indicators

The graph below illustrated the relationship between the supply temperature and the percentage
of discomfort in the conditioned space. It is evident that the percentage of discomfort fluctuates
but remains relatively stable within a certain range.

Figure 21 percentage of discomfort versus temperature reduction
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Notably, at a supply temperature of 65°C, the discomfort percentage is 26.2%, which is
comparable to the discomfort levels observed at higher temperatures such as 75°C (23.36%)
and 70°C (24.08%). This indicates that the system maybe oversized and reducing the supply
temperature to 65°C does not significantly impact the Predicted Percentage of Dissatisfied
(PPD) or the Predicted Mean Vote (PMV), which are key indicators of thermal comfort, thereby

optimizing energy use without compromising occupant comfort.

Improving strategies

Building upon the findings from the thermal comfort analysis in Chapter 4, it was observed that
reducing the supply temperature to 65°C maintains acceptable thermal comfort levels while
optimizing energy use. However, the discomfort levels in the base case remained relatively
high, even at higher supply temperatures. For instance, at a supply temperature of 75°C, the
discomfort percentage was recorded at 23.36%, indicating potential for further improvement in

thermal comfort without increasing energy consumption.

12.1  Objective of the Study
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This chapter proposes two strategies the first is to assess how much the supply temperature of
the heating system can be reduced below 65°C if the building envelope is upgraded to be
consistent with the provisions of the Decree 18656/2019 of the Lombardy Region,
recognized as a consolidated text on the energy efficiency of buildings [14] by improving
the envelope insulation levels. The second is to evaluate the impact of implementing a pre-
heating strategy in the conditioned zone two hours before the normal heating system operation.
IS to assess whether this approach can enhance thermal comfort while maintaining the same

overall energy consumption.

» Building envelope refurbishment
This strategy entails enhancing both the opaque and transparent building envelope components
to achieve higher thermal insulation levels. By reducing heat losses through improved
insulation, the heating system's supply temperature can potentially be lowered while still

ensuring optimal indoor comfort.

> Pre-Heating Implementation
This strategy investigates the effects of activating the heating system earlier than the standard
operation time by introducing a pre-heating period. The goal is to analyze how pre-heating
influences indoor thermal comfort, particularly in terms of reducing discomfort at the start of
occupancy hours. Additionally, it examines whether this strategy can achieve a more stable

indoor temperature distribution while maintaining the same overall energy consumption

12.2 Evaluation Criteria

The impact of both strategies will be assessed based on the following key metrics:

e Thermal Comfort: Evaluate the (PMV) and (PPD) indicators to quantify improvements
in occupant comfort.

e Energy Consumption: Ensure that total energy use decrease incase of building
envelope modification or remains consistent with the base case (no pre-heating) to
validate energy efficiency.

e Temperature Distribution: Analyse the percentage of time spent within the optimal

comfort range (20.5°C - 21.5°C) and other temperature domains to assess uniformity.
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e Peak Power Demand: Determine whether both strategies mitigate peak power surges

caused by thermal inertia compared to the base case.

12.3 Building envelope refurbishment
The decree 18656/2019 of the Lombardy Region establishes specific requirements for the

energy requalification of existing buildings, including the following maximum thermal

transmittance (U-values) for different building components:

» Vertical opaque structures (external walls): 0.28 W/m2K

» Horizontal or inclined opaque roofing structures: 0.24 W/m2K

» Horizontal opaque floor structures: 0.29 W/m2K

» Transparent technical closures (windows, including frames): 1.4 W/m?K

To comply with these requirements, the following upgrades have been implemented:
1. Roof and External wall have been improved by adding EPS material with thickness 10
cm for both to enhance thermal performance.
2. Replacement of windows with high-performance elements that meet the prescribed U-

value and solar factor limits.

Table 7 shows the updated stratigraphy of the building.
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Thickness  Conductivity SPecific Density  Resistence u

Layer [cm] [WimK] ~ heat [kg/m3  [M2K/W] [WIm?K]
capacity
[KJ/Kkg K]
Inteernal 14 0.70 1.00 1800 0.03
External
plaster
wall
perforated 24 0.36 0.84 1000 0.86 0.224
brick
External 14 0.70 1.00 1800 0.03
Plaster
EPS 15 0.70 1.00 1800 0.03
Internal Plaster 1 0.7 1 1800 0.02
Floor
Partition wall 17 0.36 0.84 1000 0.64 2.055
Partition wall 18 0.36 0.84 1000 0.67
Roof
Esternal 15 0.7 1 1800 0.02 0.234
Plaster
EPS 15 0.7 1 18000 0.02
Upwmek] ¢ [f’]a'“e
Window 14 0.8

The histogram demonstrated below illustrates the reductions in transmittance for each building
structure after redevelopment. The vertical walls show the most significant improvement from

these interventions.
2.5
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0.5

. ] ]

Wall Floor Roof

Figure 22: Transmittance histogram
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12.3.1 Thermal Comfort

After implementing the upgrades in the envelope, it was important to assess the impact on the

thermal comfort indicators previously discussed.

PPD %
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25.00% 23.36%

21.03%

20.00% 18.14% 19.05%

15.00%
10.00%
5.00%

0.00%
Base case 75°C insulation 65° insulation 60° insulation 55° insulation 50°

Figure 23: PMV in reference and refurbished cases

As shown in Figure 23, the percentage of discomfort decreased by approximately 5% with the
implemented upgrades and adjusted supply temperature, reaching 18.14%. However, at supply
temperatures of 60°C and 55°C, the discomfort levels were slightly higher, at 19.05% and 21%,
respectively. Further reducing the supply temperature to 50°C resulted in a significant increase

in PPD to 27%, indicating a higher level of occupant discomfort.

Figure 24 represents the Predicted Mean Vote (PMV) increased from -0.74 in the reference
building at a supply temperature of 75°C to -0.69 following refurbishment at 65°C. When the
supply temperature was further reduced to 55°C, the PMV reached -0.71. However, at 50°C,
the PMV declined to -0.76, indicating that 55°C is the lowest feasible supply temperature for

maintaining acceptable thermal comfort levels.
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Figure 24: PMV in reference and refurbished cases

12.3.2 Energy Consumption & Peak Power Demand

Since 55°C was identified as the minimum feasible supply temperature based on the first evaluation
criterion, it is essential to assess the corresponding reductions in energy consumption and peak power
demand. Figures 25 and 26 illustrate these reductions, providing insights into the system's improved

efficiency.
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Figure 25: Heating energy consumption
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After the implemented upgrades, the building's energy requirement decreased to 509.7 MWh,
resulting in energy savings of 192 MWh—an approximate 27.4% reduction compared to the

reference building.

Peak Power
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Figure 26: Peak power demand reduction
Figure 26 illustrates the difference in peak power demand between the reference building (75°C

supply temperature) and the refurbished building (55°C supply temperature). The reference case
exhibits significantly higher peak power values, reaching 662 kW, while in the refurbished
scenario, the peak power is reduced to around 355 kW approximately 46.37%. This reduction
highlights the improved efficiency of the heating system after refurbishment, as lowering the
supply temperature decreases the instantaneous power demand. Additionally, the smoother and
more stable power profile in the refurbished case suggests a more consistent and controlled

heating operation.

12.3.3 Temperature Frequency Domains

The final criterion in the evaluation assesses the impact of reduced supply temperatures on
occupant thermal comfort and temperature distribution. As indicated in the figure below, which
illustrates the percentage of discomfort (PPD) at different supply temperatures. At 65°C,
discomfort is minimized at 18.14%, increasing slightly to 19.05% at 60°C and 21.03% at 55°C.
While reducing the supply temperature leads to a marginal increase in discomfort, it is important
to note that these values are still significantly better than the reference case, where the
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discomfort percentage was higher. This indicates that even with a lower supply temperature, the
refurbishment measures contributed to improved overall comfort levels compared to the original

system

60.00% .
Percentage of Discomfort

50.00%
40.00%

30.00%

. 21.03%
20.00% 18.14% 19.05%

10.00%

0.00%
65 60 55

Figure 27: Percentage of discomfort after insulation
Figure 28 presents the distribution of indoor temperatures for different supply temperature
scenarios. As the supply temperature decreases, the proportion of lower temperatures increases,
which is expected as the heating system operates at reduced capacity. However, despite this
shift, the overall indoor thermal environment remains more favorable than in the reference case.
The insulation and system upgrades play a crucial role in maintaining comfort levels even at

reduced supply temperatures.
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Figure 28: Distribution of temperatures after insulatio

12.4 Pre-Heating Strategy

The proposed strategy involves modifying the thermostat settings to introduce a pre-heating
period: From 4:00 AM to 6:00 AM, the thermostat setpoint will be lowered to 19°C to initiate
gradual heating. After 6:00 AM, the standard operation period will resume with the supply
temperature maintained at 75°C.The overall heating schedule remains unchanged beyond this

modification.

12.4.1 Thermal Comfort

The implementation of the pre-heating strategy led to notable improvements in thermal comfort
compared to the base case:

The (PMV) improved from -0.74 to -0.67, indicating a shift towards a more comfortable thermal
environment also the (PPD) decreased from 23% to 18%, demonstrating a significant reduction

in occupant discomfort.
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Figure 20: PMV (Base case VS Proposed case)
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Figure 21: PPD (Base case VS Proposed case)

These results suggest that initiating a pre-heating period before the standard operation helps
mitigate morning discomfort by gradually increasing indoor temperatures, reducing the abrupt

thermal shock experienced when the system starts at full capacity.

12.4.2 Energy Consumption & Peak Power Demand

The implementation of the pre-heating strategy resulted in a negligible increase of 0.86% in
total energy consumption, rising from 700 MWh in the base case to 706 MWh in the proposed
case. While the peak power demand decreased from 562 W to 522 W, representing a 7.1%
reduction. This decline indicates that pre-heating mitigates the thermal inertia effects, leading

to a stable heating profile.
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Figure 29: Peak Power (Base case VS Proposed Ca

12.4.3 Temperature Frequency Domains

The temperature distribution within the conditioned zone was also affected, as shown in the
table below. The time spent in suboptimal temperature ranges (<18°C and 18-19°C) decreased
from 25.44% to 20.79%, improving thermal conditions during colder periods. Additionally, the
19-20.5°C range increased from 5.51% to 11.00%, indicating a smoother transition to the

comfort zone. The percentage of time within the ideal comfort range (20.5 - 21.5°C) remained

stable.
Domain Base Case 75°C | Proposed Case 75°C
>21.5% 5.65% 5.85%
20.5-21.5 (%) 63.41% 62.43%
19-20.5 (%) 5.51% 11.00%
18-19 (%) 3.83% 6.67%
<18 % 21.61% 14.12%
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Figure 30: Temperature Frequency Classes (Base case VS Proposed case)
These findings highlight that pre-heating enhances thermal stability by minimizing extreme cold
conditions while maintaining a consistent proportion of time within the desired comfort range

and by distributing the heating demand more evenly over time, the system experiences fewer

abrupt fluctuations, improving overall efficiency and operational stability.

Table 9 Temperature Frequency Domain (Base Case vs Proposed Case)
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13.

Conclusion

This thesis investigated the feasibility of reducing supply temperatures in an existing residential
building's heating system while maintaining energy efficiency and thermal comfort. The study
combined dynamic simulations in EnergyPlus with real-world monitoring data to assess the

impact of varying radiator supply temperatures and a proposed preheating strategy.

Key findings from the research include:

Thermal Comfort and Supply Temperature Reduction: A reduction in supply temperature from
75°C to 65°C was feasible without significantly impacting thermal comfort. The PMV and PPD
indicators remained within acceptable limits, demonstrating that the building's heating system

was oversized and capable of maintaining comfort at lower temperatures.

Energy Performance: The energy demand decreased as the supply temperature was reduced,
contributing to improved energy efficiency. However, at temperatures below 65°C, discomfort
levels increased significantly, highlighting a trade-off between energy savings and occupant

comfort.

Preheating Strategy: Implementing a preheating strategy, where the heating system started at a
lower setpoint before full operation, resulted in improved thermal comfort and a reduction in
peak power demand. The PPD decreased from 23% to 18%, and the morning thermal discomfort
was mitigated, confirming the effectiveness of this strategy without a substantial increase in

energy consumption.

System Adaptability: The study confirmed that supply temperature reductions could be
implemented without major modifications to the building envelope. However, further insulation

and envelope upgrades could enhance the feasibility of even lower supply temperatures.

Overall, the research demonstrated that adjusting heating schedules and supply temperatures
can optimize energy efficiency while preserving thermal comfort. These findings support the
broader goal of transitioning to low-temperature district heating systems as part of sustainable

building strategies.
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