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Abstract  

 

Heating solutions for heritage churches must balance thermal comfort, energy use, and 

conservation of historic fabric. We monitored wintertime indoor environmental parameters in 

a Romanian heritage church and developed three-dimensional CFD models in ANSYS Fluent 

2020 R1 to compare three heating scenarios: the existing mixed system (static radiators plus 

warm-air supply), an underfloor heating system, and wall-mounted electric radiant heating. 

The simulations indicate that underfloor heating produced the lowest indoor air temperatures 

(approximately 2–11°C), while the radiant electric system produced the highest (about 14–

19°C). Air velocities were most significant for underfloor heating, particularly in the occupied 

zone (v ≈ 0.19–0.28 m/s), whereas radiant electric heating yielded the lowest velocities (≈0.04–

0.06 m/s). Considering both thermal comfort (PMV/PPD) and conservation-oriented criteria 

related to airflow intensity, the radiant electric system provided the most suitable compromise 

for the studied church. The proposed workflow supports objective selection of heating strategies 

for similar heritage buildings. 

 

Keywords: Energy efficiency; Heritage buildings; Church heating; Indoor climate modelling; 

CFD modelling; Thermal comfort 
 

 

Introduction 

 
Meeting climate and sustainability goals requires reducing resource and energy demand 

across interconnected systems and, in particular, in the existing building stock [1]-[4]. Within this 

broader challenge, heritage buildings—although a small fraction of the total floor area—are 

custodians of cultural value and require carefully designed interventions [5]. Heating such 

buildings is complex: changes to indoor temperature and airflow can disturb long-established 

microclimates and accelerate degradation of sensitive materials (e.g., frescoes, wood, and 

textiles), while the occupied zone must still provide acceptable conditions during services [6], 

[7]. In Romania, where places of worship play an important societal role, context-appropriate 

solutions are especially relevant [8]. 
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Beyond comfort, indoor air quality (IAQ) in historic churches is an emerging sustainability 

and health topic. During services, high occupancy combined with limited ventilation can increase 

exposure to particulate matter and other pollutants associated with cardiovascular and respiratory 

outcomes [9]-[12]. Therefore, evaluating heating strategies should consider not only air 

temperature but also the induced airflow patterns that influence pollutant transport and the risk 

of drafts. 
Two general approaches are common: full-volume (central) heating that warms the entire 

air volume and localized heating that targets occupants while keeping the building fabric closer 

to its historic thermal regime [6], [7]. Localized solutions (e.g., radiant heaters) can reduce overall 

energy use and limit rapid microclimate changes but require careful design to avoid local 

overheating of sensitive surfaces and discomfort due to asymmetry [6]. The Friendly Heating 

project recommended lowering the air temperature and controlling air movement to minimize 

risks to artworks while maintaining acceptable comfort for occupants [6]. 
In this study, we combine wintertime field monitoring and three-dimensional CFD 

simulations to compare three heating strategies for a Romanian heritage church: the existing 

mixed system (static radiators plus warm-air supply), an underfloor heating system, and wall-

mounted electric radiant heating. The results are interpreted using indoor air temperature, air-

speed fields, and thermal comfort indices, with a view to identifying a solution that balances 

occupant comfort, conservation constraints, and sustainable operation. 
 
Experimental part 

 
The methodology comprised (i) wintertime monitoring of indoor environmental 

parameters in the occupied zone and near representative interior surfaces (Fig. 1), and (ii) CFD 

simulations in ANSYS Fluent to evaluate how alternative heating strategies modify the indoor 

temperature field and airflow patterns. 

 

 
 

Fig. 1. The church plan and the sensor location 
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Monitoring targeted air temperature, relative humidity, globe temperature, and air velocity. A 

multifunction instrument (e.g., Testo 480 with appropriate probes) was used to log the variables and 

to compute thermal comfort indices (PMV and PPD). The analysed monitoring periods were 15 

December 2018–10 January 2019 and 5–25 February 2019. 
To interpret results with both comfort and conservation in mind, we considered indicative 

constraints often used for heated churches: a low background temperature (typically around 8°C) 

with modest increases during services (around 12°C), avoidance of rapid microclimatic 

fluctuations, occupied-zone air speed typically below ~0.15 m/s, and vertical temperature 

gradients (head-to-ankle) of approximately 1–2°C [6], [7]. 
The most popular models with a wide range of applications in indoor climate modeling 

are the k-ε and k-ω models. These two models fall into the RANS model category. The standard 

k-ε model is the most widely used today. The basic idea was to develop an equation for ε, 

including reasonable approximations for the coefficients, and to solve the equation for k using a 

similar equation. 
The equations are expressed as follows: 
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Where: 
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The kinetic energy equation is of the form: 
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Moreover, closing coefficients are defined as follows: 
Cε1 = 1.44; Cε2 = 1.92; Cμ = 0.09; σk = 1.0; σε = 1.3. 
In more recent versions of the k-ε model, the group renormalization theory or RNG is used 

[13], [14]. The RNG model proposes a modification of the transport equation where the source 

term is solved as follows: 

1 2S (C P C D) R
k

  


= − −

 
(5) 

In the standard model k-ε, the term r is missing; the term R is defined as follows: 
3 2

0

3

C (1 / )
R
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=

+  

(6) 

Where: β and η0 are constant and have the values 0.015 and 4.38, respectively. 
The effect that the correction has on the standard k-ε model is the ability to react to rapid 

changes in voltage and the simplification of current line curvature. 
According to the constants in the turbulent transport equation, the following values are 

obtained: 
Cμ = 0.0845, σk = 0.718; σε = 0.718, Cε1 = 1.42; Cε2 = 1.68. 
For the realizable k-ε model, the term 'achievable' denotes that the model satisfies certain 

mathematical constraints related to everyday stresses in accordance with turbulent flow. The 
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implementation of this model involves a new formulation of the Eddy viscosity in the calculation 

equation for the coefficient Cμ of the turbulent viscosity. There are also changes in the transport 

equation ε, where the source term is now solved as follows: 

2
j2 1/2 i

1 ij 2 ij

j iT

uu1
S C (2S ) C ,  S

2 x xk
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Moreover, the constant variable C1 is expressed as follows: 
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The variable Cμ, no longer constant, is evaluated from the relation: 
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As a result, the model constants are A0 and As, which are determined as follows: 

A0 = 4.04, As= SA 6 cos=  , φ=

3
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And the parameter U*: 
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11) 

Other constants from the turbulence transport equation for this model are: 
C2 = 1.9, σk = 1.0 ; σε = 1.2 
The k-ω model was developed by [15] and subsequently improved by Saffman [16]. It 

could not be used until the early 1990s, when technological advances also developed the 

computing power of processors. It has several advantages over the k-ε model, as it can calculate 

the unfavourable effects of pressure gradients. The SST-k-ω (Shear Stress Transport) model was 

first stated by Menter [17]. The equations describing the SST k-ω model are based on both 

components of the k-ε and k-ω turbulence models. 
The software used for CFD analysis was ANSYS FLUENT 2020 R1, with an Elastic 

Licensing Number 1078891. We performed a 3D numerical study of the indoor air using the 

boundary conditions presented in Table 1.  
Numerous studies have evaluated turbulence models in indoor climate simulations [13], 

[18]-[23]. Studies have primarily focused on the capabilities of different turbulence models for 

simulating airflow currents, as well as air parameters for indoor climate, including those generated 

by natural flow, forced flow, and mixed flow as summarized in Table 2. Based on literature studies, 

we selected three different turbulence models for CFD analysis and model validation: the standard 

k-ε model, the SST k-ω model, and the RNG k-ε model. Subsequently, we compared the values for 

temperature and air velocities measured with the indoor air quality sensor with those from numerical 

simulations, and we observed the validation of our model only for the k-ε turbulence model, the 

differences between these values being below 10%. For this reason, all the graphical results 

presented in our article will focus on the k-ε turbulence model. 
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Table 1. The boundary conditions imposed for the computational fluid dynamics analysis 

 
No. Envelope element Type of the heating system  
1 2 3 4 5 

 Static heaters with a hot 

air system 
Underfloor heating 

system 
Radiant electric 

heating system 
Temperature (°C) Exterior Walls −16 −16 −16 

Ceiling −15 −15 −15 
Input grids for hot 

air 
35 - - 

Ground plate 10 10 10 
Windows and 

Doors 
−16 −16 −16 

Electric radiant 

heating 
- - 300 

Pressure (Pa) 
Heat transfer 

coefficient 
U (W/m2K) 

Exterior walls 0.652 0.652 0.652 
Windows and 

doors 
2.379 2.379 2.379 

Ceiling 1.518 1.518 1.518 
Ground plate 0.818 0.818 0.818 
Tower walls 1.276 1.276 1.276 

Air velocity(m/s) Inlet grids for hot 

air 
0.25 - - 

Extraction grids 0.15 - - 
Heat flux (W/m2) Static heater 200 - - 

Underfloor 

heating 
- 100 - 
- 120 - 

Heat flow generated by people is imposed at 80 (W)  

 
Table 2. Studies regarding the performance of turbulence models 
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Building Geometry and Characteristics 

 
The case-study church currently uses a mixed system combining static radiators and 

warm-air supply. Two alternative retrofit options were evaluated: underfloor heating and wall-

mounted electric radiant heaters, both frequently proposed for churches because they can improve 

perceived comfort while limiting full-volume air heating [24], [25], [26]. 
For each heating scenario, we: (1) developed the three-dimensional geometry based on 

architectural drawings; (2) assigned thermal resistances to envelope elements; (3) defined heating 

and outdoor boundary conditions using records from the Iași airport meteorological station for 

the monitoring periods; (4) generated the computational mesh and performed a mesh-

independence check; (5) selected turbulence models based on published validation studies (Table 

2); and (6) post-processed indoor temperature, air speed, and comfort indices. 
To ensure the highest possible accuracy, the radiators and the inlet and outlet grids were 

modelled in their exact physical locations and accurate dimensions within the church. To simulate 

personal contributions, we defined and placed human bodies within the volume, to which we 

applied boundary conditions (Fig. 2). The CFD modelling was conducted using a section plan 

taken from the church, in both longitudinal and transversal sections, as well as in the plane of the 

human occupants at a height of 1.8 meters. 
 

 
 

Fig. 2. 3D geometry of the church created in SPACE CLAIM from ANSYS. The red line illustrates the point where 

temperatures and air velocities were measured in numerical simulations 

 
The geometric model of the underfloor heating system was created, considering all the 

component layers: floorboard, insulation, screed, and finished floor. The heat flux required for 

underfloor heating was defined at the level of the screed layer. 
The electric radiant heating system was modeled as wall-mounted radiant sources 

positioned in the upper church zone, together with a protective insulation layer to limit unwanted 

heat transfer to the historic fabric. 
The simulations performed with the mentioned heating systems are illustrated in Figure 3. 
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Fig. 3. Numerical simulation cases. We evaluated the existing heating system and the other two proposed systems, 

using different turbulence models (k-ε, RNG k-ε, and SST k-ω) 

 

A mesh-independence study was performed using unstructured meshes of 10, 15, 20, and 

25 million elements. Because the key output parameters showed negligible variation beyond 20 

million elements, the 20 million-element mesh was adopted for all simulations. 

 
Results 

 
For the case-study church, the processed monitoring data for 15 December 2018–10 

January 2019 and 5–25 February 2019 are shown in Figures 4 and 5. During these winter periods, 

indoor air temperature remained relatively low, with typical values around 14°C. Relative 

humidity fluctuated considerably (mean ≈ 48% RH; range ≈ 30–60% RH). The combined hot-air 

and radiator operation decreased RH during services, despite increased attendance around winter 

holidays. Similar behaviour—namely a reduction in RH due to warm-air heating—has been 

reported in the Friendly Heating project [6]. 

 

 
Fig. 4. Comparison of temperature values for MRT and IAQ sensors  

(MRT – mean radiant temperature; IAQ – Indoor Air Quality) 

CFD ANALYSIS OF THE 

CHURCH

Case I : Existing Heating 

System

(Static heaters and Hot Air)

Case II: Proposed Heating 

System

Underfloor heating system

Case I.1 

 Turbulence model

 k-ε 

Case II.1 

Turbulence 

model k-ε 

Q = 100 W/m
2

Case II.2 

Turbulence 

model k-ε

Q = 120 W/m
2
 

Meshing elements

10 M. and 4 wall 

layers 

Meshing elements

15 M. and 6 wall 

layers 

Meshing elements

20 M. and 8 wall 

layers 

Meshing elements

25 M. and 10 wall 

layers 

Meshing elements 

15 M. and 4 wall 

layer 

Meshing elements 

20 M. and 6 wall 

layer

Meshing elements 

25 M. and 10  wall 

layer

Meshing elements 

15 M. and 4 wall 

layer

Meshing elements 

20 M. and 6 wall 

layer

Meshing elements 

25 M. and 10 wall 

layer

Case I.3 

 Turbulence model

SST k-w 

Meshing elements

10 M. and 4 wall 

layers 

Meshing elements

15 M. and 6 wall 

layers 

Meshing elements

20 M. and 8 wall 

layers 

Meshing elements

25 M. and 10 wall 

layers 

Case III: Proposed 

Heating System

Radiant electric 

heating system

Turbulence model

 k-ε

Meshing elements

10 M. and 4 wall 

layers 

Meshing elements

15 M. and 6 wall 

layers 

Meshing elements

20 M. and 8 wall 

layers 

Meshing elements

25 M. and 10 wall 

layers 

Case I.2 

 Turbulence model

RNG k-ε 

Meshing elements

10 M. and 4 wall 

layers 

Meshing elements

15 M. and 6 wall 

layers 

Meshing elements

20 M. and 8 wall 

layers 

Meshing elements

25 M. and 10 wall 

layers 
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a 

 
b 

Fig. 5. Comparison of in situ measurements for air velocity (a) and humidity values (b) 
 

The values of the comfort indices calculated for the first monitoring period are illustrated 

in Figure 6. The median values for predicted mean vote (PMV) and predicted percentage of 

dissatisfied (PPD) were −1.6 and 56.3%, respectively. 

 

 
a 

 
           b 

Fig. 6. Comparison of in situ measurements for predicted mean vote (a) and predicted percentage of dissatisfied (b) 
 

Comparing the two monitoring periods, thermal comfort was slightly improved in the 

second period, even though the mean outdoor temperature was lower (−16.2°C versus −7.8°C). 
The simulated indoor air temperature fields for the three heating systems are shown in 

Figure 7a-c. Underfloor heating resulted in the lowest air temperatures (approximately 2–11°C), 

while the electric radiant system produced the highest (about 14–19°C). The mixed (radiator + 

warm-air) system yielded intermediate values, with higher temperatures in the upper church 

volume and lower values in the occupied zone. 

The air velocity fields for the three heating systems are presented in Figure 8a–c. For the 

mixed heating system, air speed in the occupied zone was maintained at around v = 0.15–0.18 

m/s, while in the upper volume, values increased to about 0.45 m/s, consistent with buoyancy-

driven flow toward the dome. Underfloor heating induced the highest air speeds in the occupied 

zone (v ≈ 0.19–0.28 m/s) because the heated floor generates a large convective plume. In contrast, 

radiant electric heating yielded the lowest occupied-zone velocities (≈0.04–0.06 m/s), indicating 

a gentler air motion pattern. 
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Fig. 7. Comparison between temperature values from simulation and in situ measurements 

 

 
Fig. 8. Comparison between air velocities from simulation and in situ measurements 

In the literature, we did not find other studies regarding the presence and pattern of air 

currents in churches.  
Analyzing the air velocities, both in the longitudinal direction and in the churchgoers’ 

sectional plane (Fig. 9a), we observe that they reach high values in contact with the interior 

surfaces of the walls, and in the areas of high air volume, they have a low speed. At the same 

time, at the intersection between the dome of the church and its towers, intensifications of air 

currents can be observed, both longitudinally and transversely. This phenomenon may be 

secondary to the draught effect that is created at this level. The draught effect occurs due to the 
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interior height and also to the temperature difference between the inner face of the domes (which 

are more protected from external climatic factors) and that of the towers (which are exposed to 

external climatic conditions). Additionally, from Fig. 9/a, we observe that most air velocities have 

values between 0 and 0.3 m/s.  
Numerical simulations from our study demonstrated high air velocities in front of the 

iconostasis when using the underfloor heating system. This phenomenon may be secondary to the 

large heated floor area, which can generate ascending convection currents (Fig. 9/b). The air 

velocities in the vertical plane of the nave have high values at the intersection area between the 

dome and the towers, secondary to the reduction in volume along a vertical line of the interior of 

the church. 
For the electric radiant heating system, the air velocities were maintained at an average of 

approximately 0.05 m/s. Local maxima can be observed in the upper nave, at the intersection of 

the dome and the towers, reaching about 0.6 m/s (Fig. 9c). 

 

a) 
b) 

 
c) 

Fig. 9. Contours of air velocities (m/s) 
a) Case I: Static heaters and hot air heating system; 

b) Case II: Underfloor heating system; 
c) Case III: Radiant electric heating system. 

 

The temperatures measured in the church exhibit an irregular distribution, influenced by 

the movement of air currents generated by the hot air heating system. However, the average 

longitudinal temperature in the occupants' area is approximately 16°C, a temperature that we 

consider optimal for churchgoers during winter (Fig. 10a). 
The outdoor conditions imposed in the simulations corresponded to the monitoring period 

with the lowest mean outdoor temperature. The exterior temperature was imposed as T = -16°C 

and the wind speed as V = 1.05 m/s (Table 1). The indoor temperature boundary condition for 

the mixed heating system was set to T = 12°C. 
Analyzing the temperatures for the radiant electric heating system, we observe a variation 

between +15.50°C and +17.50°C, temperatures that ensure thermal comfort for the churchgoers 

(Fig. 10c). 

 



ANALYSIS OF INDOOR CLIMATE FOR SUSTAINABLE HEATING SYSTEM OF A ROMANIAN CHURCH 

 

 

http://www.ijcs.ro 1267 

 
 

 
a) 

 
b) 

 
c) 

Fig. 10. Contours of temperatures (0C) 
a) Case I: Static heaters and hot air heating system; 

b) Case II: Underfloor heating system; 
c) Case III: Radiant electric heating system. 

 

Discussion 

 
Comparing the three heating systems, the results confirm that heating choice strongly 

influences both occupant comfort and the conservation-relevant indoor microclimate. Among the 

tested solutions, wall-mounted electric radiant heating provided the most favorable compromise: 

higher occupied-zone air temperatures (≈14–19°C) together with the lowest air speeds (≈0.04–

0.06 m/s), which reduces draft risk and limits convective exchange near decorated surfaces. By 

contrast, underfloor heating led to lower air temperatures (≈2–11°C) and higher air speeds in the 

occupied zone (≈0.19–0.28 m/s), consistent with buoyancy-driven flow from a large heated floor 

area. 
From the turbulence closures assessed, the standard k–ε model showed the best agreement 

with the IAQ sensor measurements for both temperature and local air speed, making it a pragmatic 

choice for design-stage screening in similar church geometries. These trends align with 

conservation-oriented guidance that favors gentle, spatially uniform heating and discourages 

systems that induce strong air circulation or rapid microclimatic changes [6], [7]. Limitations of 

the present work include the steady-state modeling approach and the absence of coupled moisture 

transport; future work should extend monitoring across seasons and incorporate hygrothermal 

modeling to quantify risks to materials as well as energy use. 

 

Conclusions 

 

For the studied 16th‑century Romanian church, indoor climate control strongly affects both 

occupant comfort and conservation outcomes. Comparing three heating strategies with CFD and 

on‑site measurements, wall‑mounted electric radiant heating provided the best overall balance: it 
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achieved comfortable temperatures (≈14–19°C) while maintaining the lowest air velocities 

(≈0.04–0.06 m/s), thereby minimizing drafts and rapid microclimatic shifts near sensitive 

surfaces. Underfloor heating produced lower temperatures (≈2–11°C) and higher velocities 

(≈0.19–0.28 m/s), conditions less favorable for both comfort and preservation. Among the 

turbulence closures evaluated, the standard k–ε model matched IAQ sensor data most closely for 

temperature and local air speed, supporting its use for design‑stage assessments in similar 

interiors. We recommend electric radiant heating with conservative controls (gradual set‑point 

changes, limited surface temperatures, and avoidance of direct irradiation on decorated elements) 

and continued monitoring of temperature/RH. Future work should couple moisture transport and 

extend seasonal measurements to confirm long‑term conservation performance. 
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