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H I G H L I G H T S

• A validated dynamic thermal model
based on thermal-electrical analogy
was built.

• Intermittent heating should not be
utilized in extremely cold conditions.

• Convective system was more suitable
than radiative system for intermittent
heating.

• The ways to enhance the heating ca-
pacity of radiative systems have been
explored.

• This research shed some light on the
debate of heating in China’s HSCW
region.
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A B S T R A C T

In this paper, a dynamic heat transfer model based on thermal-electrical analogy has been built to compare
convective and radiative heating systems for intermittent heating. An experiment has been set up to validate the
model we built. The RMS Error was within 0.5 °C, confirming the accuracy of the model. The validated model
was then applied to compare four typical space heating systems, namely all-air, radiator, in-slab floor heating,
and lightweight floor heating systems. The concept of “ineffective heat” has been proposed to explain why the
intermittent heating could reduce heating load. Two ideal characters of heating systems have been identified for
intermittent heating, i.e. high heating capacity and low thermal mass, both of which are crucial to shorten the
preheat time and to reduce the ineffective heat. The results indicate that convective heating systems were more
comfortable (more rapidly raise the indoor temperature) and more energy efficient (lower heating load) for
intermittent operation than radiative heating systems. The performance gap between radiative and convective
heating systems would be enlarged in colder conditions. Among the four heating systems, convective heating
system was the most suitable one for intermittent heating, and floor heating was the most unsuitable one.
Though belonging to radiative heating systems, the radiator performs differently from floor heating for its po-
tential to enhance heating capacity and relatively low thermal mass. Additionally, outdoor climate and building
thermal insulation level also affect the choice of the most suitable heating system and heating mode. The
findings of this research might shed some light on the debate of the choice of space heating systems in areas with
similar climate conditions with China’s Hot Summer Cold Winter region.
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1. Introduction

Intermittent space heating, refers to the heating mode that only heat
when necessary. Contrarily, continuous space heating means supplying
heating 24 h a day regardless of the occupancy. For example, as a result
of China’s heating policy and pricing scheme, continuous heating is
provided in northern China while intermittent heating is more fre-
quently utilized in residential buildings [1]. When Chinese cities were
planned after the Second World War and Chinese Civil War, district
heating system and infrastructure was only designed and constructed in
cities north of Huai River [2]. In northern China, district and con-
tinuous heating is now utilized in cities, and the heating cost is charged
on the heating area of house/apartment, regardless of the actual heat
consumption. In southern China, due to the lack of district heating fa-
cilities, individual heating is utilized. The heating cost is charged on the
electricity (of the heat pump) or the gas (of the boiler) consumption for
heating.

1.1. Numerical models for intermittent heating

Many researchers developed steady-state models to study the heat
transfer process of different heating systems [3–6]. In steady state heat
transfer model, the heat storage item CdT dτ/ equals to 0, where C refers
to the thermal capacity, and dT dτ/ refers to the temperature change
rate. Because in steady state heat transfer, the temperature change rate
equals to zero. However, the intermittent heating, unlike continuous
heating, cannot be considered as a steady-state heat transfer, especially
in the preheating stage. Dynamic analysis is needed to study the per-
formance of intermittent heating [7].

Numerical methods were widely used by previous researchers to
study the dynamic process of intermittent heating. Sattari and
Farhanieh [8] utilized finite element method to solve the numerical
equation of dynamic heat transfer of floor heating system. Ibrahim et al.
[9] solved the one-dimensional heat conduction model through the
implicit finite volume approach to optimize the position and thickness
of insulation layers in building external wall for Coastal Mediterranean
Climates. It was found that for intermittent heating, thermal insulation
should be located at the inner side of the walls, which could reduce 15%
heating load compared with locating thermal insulation on the outer
side of the walls. Weitzmann et al. [10] built a two-dimensional nu-
merical model to study how the material and construction of floor
heating influence its heating performance. Laouad [11] developed a
semi-analytical model for floor heating which can be used in energy
simulation software.

Because of the thermal mass, the temperature could not be lifted
immediately after the heating is restarted. The preheat time is an im-
portant indicator for intermittent heating, which has been studied
massively by previous researcher. Wang et al. [12] studied the heat
transfer, storage and release process of the in-slab floor heating system
(ISFH) by numerical simulation and experimental verification, and then
proposed a method to determine the preheating time. Based on their
model, the preheat time for ISFH is as long as 3.5 h when the supply
water is 40 °C, and the heating has been suspended for 4 h. For ISFH,
the heating water pipe is embedded in the concrete of building struc-
ture. As a result, the thermal mass is significantly increased. Recently, a
lightweight floor heating system (LFH) has been proposed to reduce the
thermal mass and to accelerate the preheat process. Zhang et al. [13]’s
numerical model found that the preheat time for LFH is 3 h, shorter
than that of ISFH.

As for the energy saving potential of intermittent heating, Fraisse
et al. [14] and Pupeikis et al. [15] pointed out that the intermittent
heating is more energy efficient than the continuous heating. The
TRNSYS model built by Cho and Zaheer-Uddin [16] found that inter-
mittent heating enjoys a higher energy saving potential when the out-
door temperature is warmer.

1.2. R-C models for intermittent heating

Analytical model, similar to a white-box model, could provide more
information of the intermittent heating and reveal the inherent physical
properties. Inspired from the thermal-electrical analogy, Laret [17]
proposed a simplified heat transfer network model. As shown in
Table 1, heat transfer process and electricity conduction process are
similar in many ways, which could be utilized to build the dynamic heat
transfer model. Through thermal-electrical analogy, a R-C (thermal
resistance – thermal capacity) network method could be built and
analyzed with the help of electric theories such as the Kirchhoff current
law.

The equivalent R-C model was then developed by Fraisse et al. [14],
Bertagnolio and Lebrun [18], Ahn and Song [19], and was utilized to
study the unsteady heat transfer of the floor heating system. Antono-
poulos and Koronaki [20] developed a simplified method by introdu-
cing the concepts of “indoor surface thermal capacitance” Cs and “in-
door surface heat-loss coefficient” Ls. To calculate the required
additional heating power for buildings with intermittent heating, Pu-
peikis et al. [15] then introduced the concept of thermal time constant,
defined as active heat capacity divided by heat loss coefficient of a
building. Based on the value of thermal time constant, Pupeikis et al.
[15] divided buildings into different types. The concept of time con-
stant derived from the first-order ordinary differential equation. By
introducing thermal time constant, Pupeikis et al. [15] simplified the
building dynamic heat transfer process to a first-order problem. Pu-
peikis et al. [15]’s simplification was confirmed by the field measure-
ment of a residential building located in Cambridge Shire that utilized
intermittent heating [49].

The 2R-1C model was then proposed and widely utilized to study
the unsteady heat transfer of the envelope [21,21–23]. More specifi-
cally, the envelope could be viewed as constituted of two thermal re-
sistances Re,1, Re,2 and one thermal capacities Ce,0, as shown in Fig. 1.
Results predicted by the 2R-1C model showed excellent agreement with
the field monitoring of a real building.

Masy [23] utilized the Root Mean Square Error, defined in Eq. (5),

Table 1
Thermal-electrical analogy.

Thermal Electrical

Variable Temperature T Electric potential E
Heat flux q Electric current i
Thermal resistance RT Electric resistance RE

Thermal capacity CT Electric capacity CE
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Fig. 1. 2R-1C model for walls.
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