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Abstract: To reach net-zero emissions by 2050, buildings in the UK need to replace natural gas
boilers with heat pumps and district heating. These technologies are efficient at reduced flow/return
temperatures, typically 55/25 ◦C, while traditional heating systems are designed for 82/71 ◦C, and
an oversized heating system can help this temperature transition. This paper reviews how heating
systems have been sized over time in the UK and the degree of oversizing in existing buildings. It
also reviews if lessons from other countries can be applied to the UK’s building stock. The results
show that methods to size a heating system have not changed over time, but the modern level of
comfort, the retrofit history of buildings and the use of margin lead to the heating system being
generally oversized. It is not possible to identify a specific trend by age, use or archetype. Buildings
in Scandinavia have a nascent readiness for low-temperature heat as they can use it for most of
the year without retrofit. Limitations come primarily from the faults and malfunctions of such
systems. In the UK, it is estimated that 10% of domestic buildings would be ready for a supply
temperature of 55 ◦C during extreme external conditions and more buildings at part-load operation.
Lessons from Scandinavia should be considered with caution. The building stock in the UK generally
underperforms compared to other EU buildings, with heating systems in the UK operating at higher
temperatures and with night set-back; the importance of providing a low-return temperature does
not exist in the UK despite being beneficial for condensing boiler operation. Sweden and Denmark
started to develop district heating technologies with limitations to supply temperatures some 40 years
ago whereas the UK is only just starting to consider similar measures in 2021. Recommendations for
policy makers in this context have been drawn from this review in the conclusions.

Keywords: low-temperature heat; district heating; 4th generation district heating; sizing and oversiz-
ing heating system

1. Introduction

Buildings play a significant role in fulfilling the UK’s commitment to the Paris Agree-
ment [1] decided within the United Nations Framework Convention on Climate Change
(UNFCCC). For example, Scotland has set its own indicative National Determined Contri-
bution (NDC) to reduce greenhouse gas emissions by at least 75% before 2030 compared to
1990. In addition, Scotland aims to reach net-zero emissions by 2045 instead of the general
2050 UK target [2,3].

In 2019, space heating (SH) represented 61% of the heat consumption in the UK and
28% of total energy use [4]. For the building sector, all buildings need to be net-zero,
and this should be achieved by energy efficiency measures and a move away from fossil
fuel, which currently supplies 90% of the heat demand [5]. In its vision for 2050, the
Committee on Climate Change [6] projects that fossil fuels will be replaced by heat pumps
(52%), low-carbon heat networks in heat-dense areas such as cities (42%), “potentially”
hydrogen boilers (5%) and direct electric heating (1%). For heat networks, public buildings
would be used as anchor loads. Heat pumps and low carbon technologies are efficient
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at reduced operating temperatures, and the new emerging standard for low-temperature
heat, namely, 4th Generation District Heating (4GDH), is 55/25 ◦C for flow/return [7].
As heating systems in the UK are usually designed to operate at 82/71 ◦C, this raises the
question of the ability of existing buildings to use such technologies and how existing
systems are designed and perform. The efficiency of existing heating systems is often
limited due to oversizing. Oversizing generates losses in efficiency, reduces equipment
life span, reduces comfort for occupants, increases capital and operating costs and limits
the ability to reach CO2 reduction targets. Oversizing is a widespread problem across the
built environment [8] and can affect the heating plant, heat emitters, distribution circuits
or the control of hydraulic circuits. Oversizing can occur at the design stage, construction
phase or due to changes in the retrofit history of the building. These limitations to reach
expected performances can question the ability of the construction sector to deliver net-zero
buildings [9]. However, oversizing also has positive benefits as it can facilitate the transition
to reduced temperatures. In the UK, the concept of a low-temperature DH system is rarely
used as the heat is largely provided by gas boilers, and DH supplies only 2% of the heat
demand [10]. Meanwhile, some countries have initiated a move towards heating system
temperature reduction, mainly where DH is widely deployed, initially to maintain the
business model in a context of heat demand contraction and lately to decarbonise their
heating system.

This paper is structured in three sections, following the introduction in Section 1.
Section 2 aims to review how existing space heating systems have been sized over time
in the UK. It also reviews the definitions, drawbacks, origins, magnitude and benefits of
oversizing and methods to evaluate the oversizing of space heating systems. Section 3
aims to review the system operating temperatures commonly used in the UK and abroad.
Section 3 also reviews the benefits and challenges of low-temperature heat, the ability of
existing buildings to use reduced operating temperatures and the role energy efficiency
measures have when combined with various degrees of oversizing of heating systems.
A review of experiences drawn from other countries, especially in Denmark and Sweden,
is carried out to understand if or how lessons from abroad can be applied in the UK.

2. Sizing and Oversizing of Heating System
2.1. Sizing of Heating Systems

Most current buildings and their heating systems were designed and built a number
of years ago. This is especially true in the UK, as it has the oldest housing stock in Europe,
with much of it still dating from the industrial revolution [11]. Past retrofit measures may
have changed the primary fuels used to service the building (e.g., coal replaced by oil,
then by gas), but many heat distribution components and terminal units might remain
in place and form part of the current heating systems. This section reviews the guidance
provided over time by the Institute of Heating and Ventilating Engineers (IHVE), now
CIBSE, and other guidebooks used by the Mechanical and Electrical (M&E) service industry
in the UK, where the first form of guidance to size heating systems was published as a
loose-leaf volume in 1940 [12]. This was revised and published as a first bound volume
in 1955 [12], and from then on updated editions were published in 1965, 1970, 1986, 2006
and 2016 [13–17]. A heating system aims to provide heat for SH and Domestic Hot Water
(DHW). While it was historically general practice to add capacity to a boiler for DHW, since
the early 1970s, this is deemed unnecessary [14,18]. In most cases, DHW demand can be
met by diverting capacity from the heating circuit for a short period [17,18]. Therefore, the
scope of this article is limited to the sizing of heating system for SH only.

2.1.1. Design Conditions

Sizing a heating system has traditionally taken the following steps: (i) the identification
of external design and internal design comfort conditions, (ii) the evaluation of heat load
under steady-state mode without internal heat gains or solar gains and (iii) the eventual
application of a pre-heat factor for intermittent use.



Energies 2021, 14, 7181 3 of 26

Back in 1955, the recommendation was to size the system for an external design
temperature of −1.1 ◦C if the heating system had a boiler with an overload capacity of
20%, which was considered normal. Choosing a lower external design temperature was
advised for specific situations such as avoiding discomfort during cold spells or for a
system without overload capacity and for lightweight structure buildings. No specific
guidance on the values to apply was given for these specific situations. The impact of
thermal mass on the choice of the external design temperature was formally introduced in
1965, with heavyweight buildings being “multi-storey buildings with solid intermediate
floors and partitions” and light-weight buildings being “single-storey buildings” [13]. This
led to a new range of external design temperatures of between −2.8 ◦C and −1.1 ◦C.
These values were then reduced by approximately 2.5 ◦C for systems without overload
capacity [13]. In 1986, a regionalisation of climatic data was recommended using specific
external design temperature for eight cities across the UK. The values ranged from −2 ◦C for
Plymouth to −5 ◦C for Edinburgh. Lightweight construction buildings received a further
temperature reduction of 1 ◦C [15] or 2 ◦C [19] and even a further reduction of 2.5 ◦C for
heating systems installed without overload capacities. In 2006, specific external design
temperatures were removed from CIBSE Guide A and replaced with a range of values from
which the appropriate temperature could be selected after discussion with the client. Other
guidebooks such as BSRIA’s “Rules of thumb” suggested external design temperatures of
−4 ◦C to −1 ◦C depending on the building type and the boiler’s overcapacity in 1988 [20]
and has used a fixed −4 ◦C for all buildings since 2011 [21]. The influence of other factors
such as geospatial data on the external design temperature was investigated by [12,19]. In
2019, regionalisation was improved (14 climate stations), and the table to choose for the
external design temperature was based on outdoor temperature values exceeded for 99.6%,
99%, 98% and 95% of the year.

Over the past decades, recommendations for internal design temperature have also
significantly evolved. For example, in 1955, the internal temperature was expected to be
15.6 ◦C in a school classroom and 10 ◦C in domestic bedrooms, and these values have been
increased to 19–21 ◦C since 2006 (Table 1). This increase is evaluated by spot measurement
data, which showed that indoor temperatures increased by 1.3 ◦C per decade between 1978
and 1996 [22].

Table 1. Internal design temperatures through time in the UK (IHVE, 1955, 1965, 1970; CIBSE, 1986, 2006, 2019).

Building Type Internal Design Temperature ◦C 1955 1965 1970 1986 2006 * (**) 2019

Domestic
Living room 18.3 ◦C 18.3 ◦C 21 ◦C 21 ◦C 19 ◦C (22–23 ◦C) 22–23 ◦C

Bedroom 10.0 ◦C 15.6 ◦C 18 ◦C 18 ◦C 19 ◦C (17–19 ◦C) 17–19 ◦C

Non-domestic
Office (sedentary work) 18.3 ◦C 18.3 ◦C 19 ◦C 20 ◦C 19 ◦C (21–23 ◦C) 19–21 ◦C

Classroom 16.6 ◦C 18.3 ◦C 18 ◦C 18 ◦C 19 ◦C (19–21 ◦C) 19–21 ◦C
Assembly hall 15.6 ◦C 18.3 ◦C 18 ◦C 18 ◦C 19 ◦C (19–21 ◦C) 19–21 ◦C

* Heating system should be sized to provide an operative temperature of 19 ◦C. (**) Recommended T◦: Achieving the comfort temperature
should rely on internal or solar heat gains.

This illustrates that human comfort levels and the expected capacity of heating systems
have evolved to meet heat demand at various external or internal design conditions.

2.1.2. Intermittent vs. Continuous Heating

Intermittent heating is the most common form of operation of heating systems in
the UK [17]. It is a way to reduce heat losses at night when a building is unoccupied,
but this leads to a degree of overload capacity required to warm-up the building in the
morning. This overload capacity is defined in the literature as the pre-heat factor, pre-
load factor, intermittent factor, additional capacity, plant ratio, plant size ratio, boost
margin or oversizing factor. In 1965, intermittent heating was expected to provide energy
savings of 25–30%, eventually up to 50% for lightweight structures, but only 10% for heavy
buildings [13]. Short pre-heat times, while providing the most significant energy savings,
may induce discomfort to occupants with warm air temperatures but cold walls/surfaces
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reducing mean radiant heat [13]. This was not accepted in some countries, for example, the
USA and Germany, to allow short pre-heat and associated overload capacity [23].

The calculation of the steady-state heat load is well-established and documented in
design literature, but the determination of a pre-heat factor for intermittent operation is
subject to interpretations and appreciation by designers and clients [24]. In addition, it can
be noted that guidelines to size the plant and the radiators for an intermittent operation has
varied over time. In 1943, Faber and Kell recommended that intermittent heating operation
add 10–25% to the initial standard overload capacity of 25% and all boilers should have a
margin of 33%–50% to avoid the boiler running at full load [25]. In 1965, recommendations
for pre-heat factors were around 25% [13], but it was acknowledged that it was not possible
to present an easy means to determine the optimum size. In 1970, a table was provided
with values for pre-heat factors ranging from 20% to 200% depending on the pre-heat time
expected and the thermal mass of the building. This table was still in use in 1986 [15], while
plant pre-heat factor over 25% was deemed unlikely to be justified. This table disappeared
in the 2006 edition of CIBSE Guide A [16] but was still in use in a guidebook as recent
as 2015 [19]. For CIBSE, since 2006, the determination of the pre-heat factor should be
carried out by building simulation models, and a minimum value of 20% is advised. In
2016, a maximum value of 100% was introduced [17]. Since 2013 in England and 2015 in
Scotland, the intermittency factor for boiler design and sizing should be limited to 15 to
20% [26,27].

The overall size of the heating plant is also affected by the final choice of plant
configuration to enable backup capacities [28]. The traditional approach is to install two
boilers with 67% of the design condition each, at steady-state, leading to an overall plant
ratio of 1.33. This provides both overload and redundancy capacity [29]. Additional
capacity to deal with equipment failure should only be used when the risk of boiler failure
is greater than the risk/cost of overcapacity (e.g., hospitals) [29]. It is worth noting that a
diversity factor does not apply to the pre-heat period as the heat load is the sum of the heat
demand for each individual room. In case of continuous operation, the size of the boiler
plant can be reduced by a diversity factor of 0.7 to 1 to reflect to differences in the peak
load for each room or zone of a building [17].

The overload capacity, as discussed above, applies to the boiler’s capacity in the plant
room and not necessarily to the heat emitters. The recommendations for the capacity of
the emitting system, mostly radiators, have also varied over time. The oversizing of the
emitters can be inferior to the oversizing of the central plant, as some other factors can
provide an oversizing effect. An increased emitter output can be achieved because of
initial low air temperature by using higher flow temperatures from the oversized central
plant [13,25], with the reduction in the ventilation rate in the pre-heat mode and, finally, by
reducing the heat losses at night by closing curtains [15]. The only exception here was in
1970, when guidelines for the efficient thermostatic control of room temperature required
that the available output from the radiator should be at all times significantly larger than the
heat load, with ratios between 1.5 and 3.0 [14]. This guidance disappeared in the following
edition of the CIBSE guide A [15]. In addition, other publications highlighted that the
oversizing of emitters should be limited to 10% [19,23]. This leads to the conclusion that the
emitting system might not be as oversized as the central plant, except for a period between
1970 and 1986, where significant oversizing of radiators might have occurred. Before 1970,
exposed pipes were potentially considered as an entire part of the heating system with
output capacities for uncovered, freely exposed steel pipes ranging from 69 W/m for the
smallest pipe diameter (1.27 cm or 1/2 inches) to 740 W/m for the largest ones (30.48 cm or
12 inches) for a temperature difference of 50 ◦C [13].

The current situation is that the development of highly insulated buildings questions
the pertinence of intermittent heating [30] as night setback in low energy buildings only
moves some heat loads from the night to the morning time. This increases the need for extra
capacity for the pre-heat time without providing energy savings. Hence, well-insulated
buildings can operate with low temperature heat but continuous operation of the system.



Energies 2021, 14, 7181 5 of 26

Intermittency remains to be advised for buildings with high heat load and short time
constants due to poor insulation and leaky building envelopes [31] and more generally for
poorly insulated buildings [30].

Finally, the current operation of the heating system can be impacted by emerging
requirements such as the development of DH schemes in the UK combined with the need
to deliver flexibility to the power system. DH design needs to avoid peak load as the co-
occurrence of sudden morning peak demand leads to peaks in the DH system that can be
problematic for utility companies [32]. This increases the need to operate heating systems
in a continuous mode, while this is rarely used in UK dwellings. For large buildings,
optimum start/stop control is the established practice and already provides peak shaving
and continuous heating in colder periods [33]. The need to provide flexibility to the power
system by shifting electricity demand away from peak hours will rely on the use of the
pre-heat operation of heating systems and the building’s thermal mass [6]. This will
introduce new parameters in the operation of heating systems with new drivers such as
the fluctuating cost of energy and the fluctuating carbon intensity of energy supplies.

2.2. Oversizing of Heating Systems

This section reviews the oversizing of space heating systems in its definitions, draw-
backs, benefits, magnitude, origins and the methods mostly used to measure it.

2.2.1. Definitions

An oversized system is the result of a combination of factors occurring at various
stages of the construction process [8]. Various definitions are given for oversized systems.
It can be “The extent to which a parameter value exceeds what it needs to meet its func-
tional requirements regardless of the motivation for which the margin was included” [34].
Other definitions are given by [8] as “an amount allowed beyond what is needed,” or an
“allowance for contingencies”. An oversized plant is defined as a plant with maximum
operational duty greater than that required [35]. An oversizing factor (OF) is advised to
quantify the level of oversizing, and an oversizing factor of 1 is defined as a plant with ideal
capacity sized for steady-state conditions at design condition [35], expressed as follows:

OF =
Installed capacity (W)

Heat load at steady state design condition (W)
(1)

As a heating system might have been sized years ago in existing buildings, [36]
highlights that the definition of over-dimensioning requires a definition of the standard
dimensions. It can be oversized for the actual operation conditions, the dimensioning
standards current at the time of the building’s erection or else compared to today’s dimen-
sioning standards.

2.2.2. Drawbacks

This section reviews the list of drawbacks identified in the literature:

• Overheating and comfort

If radiators are oversized, the space is overheated and creates discomfort in the
room [37]. This is usually controlled by the reduction of the mass flow with the use
of Thermostatic Radiator Valves (TRV) on each radiator or an action by the occupant
who adjusts a valve or opens a window [38]. An oversized plant can result in balancing
problems, and an unbalanced system can create discomfort to occupants [35].

• Efficiency of hydraulic controls

The risk of drifting temperature is limited if the system has appropriate control [35],
but oversized equipment or the poor implementation of controls can lead to control prob-
lems which, in turn, result in discomfort for the occupant [35,39,40]. Oversized pumps
and valves can limit their authority, and the flow rate’s controllability might be compro-
mised [41]. It also creates balancing problems for the morning start-up of a plant [35].
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Overcomplex controls are often associated with over-designed systems, which leads to
a reduction in the system’s efficiency [8]. Finally, [42] highlighted in 2010 that efficient
controls are necessary to manage the rising internal heat gains induced by global warming.

• Valve hunting, cycling and boiler corrosion

For buildings connected to DH, oversized control valves at the heat exchanger can
cause valve hunting, where valves open and close at an uncontrolled rate, reducing the
authority and life of the valve [39]. Oversized systems tend to increase the cycling of
boiler plants and short (duty) cycling reduces the plant’s efficiency and life [35]. More
generally, oversized systems operate close to their closed position most of the time and fail
prematurely [35]. Failure can also occur when oversized radiators with a constant flow
circuit return low-temperature water, which can corrode the boiler [35]. However, boiler
corrosion is a reduced risk since the EU has introduced policies in 1994 to gradually reduce
the sulphur content in fuel oils [43], and condensing boilers are designed to achieve high
efficiency with low return temperatures. In other situations, some flow from the supply line
can be diverted (bypassed) back into the return in order to secure appropriate temperature
before entering the boiler.

• Capital investment and operating cost

Oversized equipment is costly in capital investment and operating costs [39]. If a
system fails prematurely, operates with reduced efficiency or has accelerated wear due to
unstable controls, this also increases maintenance costs [35]. Oversized pumps consume
excess energy, and an appropriate choice of control for a pump might be inappropriate if
the pump operates at a different load due to the oversizing of the system [35]. Heating
systems are expected to operate at part-load for most of the year, but this is exacerbated by
oversizing, leading to inefficient operation [35,40]. This is combined with rising internal
heat gains, which is another factor increasing the part-load operation of the system [44]. It
is worth noting that increased internal heat gains have an impact on the annual duration of
part-load operation but does not impact the sizing of the system.

Finally, as oversized systems do not operate under optimal performance, this impacts
the ability of the building to reach carbon emission reduction targets [45,46], and failing to
achieve the expected performance can erode the credibility of the construction sector and
lead the general public to be sceptical regarding the ability to deliver high-performance
buildings, for example, net-zero energy buildings [9].

2.2.3. Origins

Oversizing can result from the application of margins, and nine types of margins
were identified by [8]. A margin can be defined as an amount allowed beyond what is
needed or an allowance for contingencies [8]. Margins are used to allow for uncertainty
in (i) initial design assumptions, (ii) building performance, (iii) calculation methods used,
(iv) equipment performance, (v) system performance, (vi) safety margins to enable a
system to perform as designed (i.e., Pre-heat factor), (vii) futureproofing, (viii) allowance
for deterioration of system performance and (ix) come from habits, customs or rules
of thumb.

After the initial design assumptions, each step of the design process, construction
phase, commission and operation can lead to increased margins and often cumulative
margins [8] and can be described as over-specification, over-design or over-engineering.

The use of margins is presented in the CIBSE guides with methods and tools to limit
oversizing, however, it is common practice for engineers to rely more on empirical margins
than CIBSE guide methods [47], hence “the reduction in uncertainty can only come from
improved knowledge” [17]. The lack of monitored and analysed feedbacks is identified
as a key problem [8,47,48], and the lack of complaint from the occupant is sometimes the
only feedback used to assess a successful design [8]. For the design engineer, over-sizing
can present less risk than under-sizing, and there are no incentives to correctly size a
system [49]. During the design stage, components are usually selected to be larger than
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required to ensure safety margins [37], and during the procurement stage, the next size up
is chosen because components are available in a limited number of sizes [19,35,50–52].

Habits and reasons of comfort can also drive the choice of the heat emitter. It can be
regular practice to fit a radiator below each window to avoid cold areas and down-draught;
hence, the size of the radiator is chosen by adjusting its width with the dimension of
the window. This can lead to the choice of the radiator for its width and not only for its
output capacity [53–55]. The oversizing of a system can also come from changes in its
heat demand if the building has been through a retrofit programme [41,44] or changing
external conditions. The CIBSE weather files were updated in 2016 to include the latest data
related to global warming and provide weather forecasts for 2050 and 2080 [56]. Global
warming on systems sized with outdated weather files can influence the sizing of heating
systems [57,58].

2.2.4. Magnitude

There are numerous statements related to oversizing of heating systems such as “sub-
stantial evidence of over-design and consequent over-sizing” [8], “oversizing is common in
energy infrastructure” [34] or “design stakeholders often know that their system is overde-
signed, but not by how much” [45]. Furthermore, research related to oversized HVAC
systems rarely focus on excess space-heating capacities but excess cooling capacities [59,60].
However, under-sizing is also mentioned in the literature by [61] where “under-sizing is a
well-known problem in the UK”. Finally, [8] highlights that oversizing is a “largely hidden
topic” but detailed values are rarely available [47].

A report from Crozier in 2000 [35] shows that oversizing by 50 to 100% is common in
heating systems and can reach 400%. This report was used in different guidebooks as an
example of the general oversizing of non-domestic buildings in the UK based on a sample
of 25 buildings [19,40]. More recently, a report published by the Department for Business,
Energy and Industrial Strategy (BEIS) estimates that 23% of systems are undersized, and a
typical oversizing margin is 20 to 40% [62]. In Sweden, the degree of oversizing is typically
at least 10% and very often 100% or even more [38]. In Denmark, in a piece of research
looking at the oversizing of individual radiator capacities, [36] showed that some radiators
were undersized, but 80% of radiators were oversized, and the degree of oversizing can
extend to 350%. This was compared to their current design load and homes built from
the 1990s having significantly oversized systems [36,62]. In Norway, the oversizing of
heating systems is estimated to be around 20 to 25% [63]. Other researchers have carried
out the theoretical exercise of adding current practice margins [8,64], which can result in
cumulative margins of 184% [8] and 313% [64]. These can come from additional margins for
initial data and data assumption (+20%), engineering calculations (+25%), installer’s uplift
(“Next size up”; +15%), building construction and integrity (+10%), system and equipment
performance (20%), safety and commissioning margins (+25%) and maintenance and
related margins (+10%) [64]. The CIBSE undertook the same exercise in addition to heat
losses (+10%), reduction in emitter’s output (+10%), pipe losses (+10%), pre-heat margin
(+20%) and next size up [8]. In the same report, margins occurring at each step of the
design and construction process have been evaluated. It shows that the largest magnitude
for overdesign relies on the choice of the pre-heat factor for the boiler (e.g., up to 200%)
and highlights that the applied margin values to heat emitters are limited to 10%.

Global warming also plays its role, as a change in the external design temperature
can affect the oversizing of the system by 5% per degree Celsius [8]. The consequence of
oversized heating systems led to 1.8 GW of unnecessary installed capacity of boilers in
the UK in 1998 alone [8]. A boiler oversized by 150% can lead to an increase in energy use
of 15%, and it is estimated that this oversizing is typically responsible for approximately
10–15% of HVAC-related energy consumption. An efficient boiler controller can save 35%
on fuel cost for a 20-year-old boiler oversized by a factor of 2.5 [35]. It may be noted that
no specific trend can be identified related to age, building type or use [35].
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2.2.5. Benefits

Some benefits of oversized systems are identified. The oversizing of boilers, valves and
pumps provides excess capacity for future heating system expansion [45]. The oversizing
of heat emitters does not enable future development but presents other benefits. The key
benefit is the ability to reduce operating temperatures of the heating system within the
building [39], which is further developed in Section 3.3.1. It also provides cooling, or low
return temperature, to the heating circuit, which increases the efficiency and capacity of
DH. This can also increase the quantity of heat extracted from energy sources, such as
condensing gas boilers, solar panels [65], geothermal heat pumps, industrial waste heat
and Combined Heat and Power (CHP) [66].

Oversized emitters can also enable TRVs to operate more efficiently. This can be
obtained by reducing the flow, allowing the TRV to operate with higher authority and
approximatively the same differential pressure [37]. It is not economically viable to install
oversized radiators to achieve low flow rate systems, but existing oversized systems es-
pecially with high flow and small temperature differential can provide these benefits [37].
Another positive point of an oversized system is the ability to compensate for the perfor-
mance gap of buildings [8]. This is particularly true in the UK for post-1990 buildings with
mechanical ventilation performing poorly, especially in windy conditions [67].

2.2.6. Oversizing and Performance Gap

The full extent of the oversizing is often hidden by higher than recommended energy
use from poorly performing buildings, also known as the performance gap. Among
other reasons, this performance gap can be due to high air leakage rates, sometimes
resulting in up to five times the expected rate [8]. In an international survey, the average
performance gap was 32%, with higher values for the UK. The average performance gap
in the UK was 62%, with 31% in offices, 75% in schools and 82% in universities [68]. An
EU benchmark of building performance also shows that UK buildings are among the
worst-performing [69]. This underperformance of UK buildings is also mentioned in the
guidebook [19] as “it is common knowledge that UK buildings are more air leaky than US
and Scandinavian counterparts”.

As for the level of oversizing, no correlation can be established between the magnitude
of the performance gap and classic building parameters. Oversizing and poor system
performance are still significant concerns in building services design practices [70,71].

2.2.7. Methods to Evaluate Oversizing

According to [8], “there is no effective method to easily evaluate system’s performance
in use to identify oversizing”, and “deficiencies are usually only obvious when systems un-
derperform”. The limited access to energy consumption can drive performance assessment
to rely on estimations [72]. Without access to energy use data, the evaluation of oversizing
can also be carried out with a site survey. The capacity of the radiators are estimated
based on their type, size and dimensions, and the heat load of the building is estimated by
comparison with typical published values [36] or with RdSAP (Reduced Data Standard
Assessment Procedure) assessments specifically for domestic buildings [62,73]. It is worth
noting that it is not recommended to use the rating plate of the boiler or heat exchanger
for the evaluation of the capacity of the heat emitters as they could differ significantly. For
example, redundancy decisions might affect the installed capacity in the plant room in
non-domestic buildings [39], and the sizing of domestic gas boilers is often based on the
DHW capacity [74].

However, with access to detailed data, for instance, flow and return temperatures
in the heating circuits, external temperature and energy consumptions, it is possible to
estimate the oversizing of the SH system in a specific building. This has been detailed in
several studies [35,38,75,76], for instance. All those works focus on space heating provided
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by wall-mounted radiators, but the principle can be applied to other types of heat emitters.
The heat output of radiators is defined in EN 442 [77,78] as per Equation (2):

.
Qrad =

.
Qrado

(
∆T
∆T0

)n
(2)

where
.

Qrad is the measured heat power in the radiators (W), ∆T is the Arithmetic Mean
Temperature Difference (AMTD) between the supply and return temperature in the radiator
(Ts − Tr) and the temperature in the room (Ti), as per Equation (3):

∆T =

(
Ts + Tr

2

)
− Ti (3)

∆T is also called excess temperature. The radiator exponent n is usually set at 1.3 for
standard radiators [79]. ∆T0 and

.
Qrado are relative to the design condition’s values. This

approach is accurate if applied to radiators with small temperature differences between
flow and return or high flow rate. If the flow rate is decreased, the return temperature
drops, and the mean surface temperature of the radiator is better approximated by the
Logarithmic Mean Temperature Difference (LMTD), as described by McIntyre [80]. The
LMTD is calculated as per Equation (4):

LMTD =

 Ts − Tr

ln
(

Ts−Tr
Ts−Ti

)
n

(4)

With the use of LMTD instead of AMTD, Equation (2) becomes:

.
Qrad =

.
Qrado

(
LMTD
LMTDo

)n
(5)

British Standards are based on the AMTD [77,78], while Danish Standards are based
on LMTD [81]. Equation (5) enables an evaluation of the oversizing of a space heating
system at design conditions. This provides guidance on the new design temperatures that
radiators could be operated at. For example, if a heating system is designed for 80/60 ◦C
and the radiators are oversized by 100%, the actual system design temperature is estimated
to be 60/40 ◦C [41]. However, as heating systems operate most of the year at part-load, it
is possible to optimise flow and/or return temperatures for every external temperature.
Access to data can also provide additional information about true peak load, internal heat
gains and how the system is operated.

It is worth noting that the type of radiator connection has an impact on its output
capacity. A radiator can be connected with flow at the top and return at the bottom, on
the same end, Top-Bottom-Same-End (TBSE) or Top Bottom Opposite End (TBOE). It can
also be connected with Bottom flow Bottom return Opposite End (BBOE). The method for
radiator testing, and to establish nominal capacity, varied from TBOE to TBSE, but both
provided similar results [77,82–84]. The performance of BBOE reduces the heat output
of the radiator by 4.7% to 15% compared to the TBOE connection [80,84,85]. This type of
connection has been deemed “not advised unless absolutely necessary” by the latest Heat
Network Code of Practice [84], yet, BBOE is the most common arrangement in domestic
and non-domestic space heating systems in the UK [83,86,87]. This should be taken into
account when evaluating the level of oversizing in the system.

Finally, in the UK, access to data is improving, as new energy meters installed in large
non-domestic buildings must record consumption every half-hour since April 2014. The
roll-out of half-hourly metering on all large energy consuming sites was completed in April
2017 [88]. The flow and return temperature can usually be provided by a Building Energy
Management System (BEMS).
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3. Space Heating and Low-Temperature Heat

The concept of low-temperature heat comes mainly from the DH industry, where it
emerged between 2010 and 2017 [89]. DH technologies have evolved, and each technology
generation has seen, among other considerations, a constant reduction in the temperature
distribution [7]. Each generation can be classified by flow temperature [90]. The first gener-
ation (1880s–1930s) were steam-based, with network flow temperatures above 120 ◦C. The
second-generation (1930s–1970s) were hot water-based, with network flow temperatures
above 100 ◦C. The third generation, introduced after the first oil crisis (1970–present) has a
network flow temperature between 80 ◦C and 100 ◦C. All three initial generations were
designed and based on fossil fuels to supply heat into buildings with high heat demand.
This is still largely true worldwide, where fossil fuels supplied 90% of the heat in heat
networks in 2014 [91]. Heat networks in Europe have started moving away from fossil fuels,
where their share has reduced to 70% [91]. The more recently defined 4GDH (2020–2050),
also called low-temperature heat network, has a flow and return temperature of 55/25 ◦C
as per the definition given in 2014 [7].

Further reduction of the temperature with flow temperature close to the ground’s
temperature, called ultra-low-temperature, ambient loop or fifth generation systems is not
suitable for direct SH purpose [92].

3.1. Review of Temperature Levels in the UK
3.1.1. Definitions of Low-Temperature Heat

In the UK, where DH schemes are not common, other definitions of low temperature
are used. For the Standard Assessment Procedure (SAP) of residential buildings, the
definition of low temperature has changed with the succeeding versions of SAP. In 2009,
there was no specific definition of a low-temperature system [93]. In the 2012 version, a
low-temperature heating system was defined as “one in which the hot water leaving the
heat generator is always at a temperature not exceeding 45 ◦C or 35 ◦C, even on the design
day”. In that case, emitters had to be sized accordingly to deliver equivalent heat as a
“normal system (over 55 ◦C)” [94]. The latest version of SAP, published in 2018 but not
applicable to-date, defines a low-temperature heating system as “one in which the hot
(flow) water leaving the heat generator never exceeds a temperature limit, even on the
‘design day’”. This is compared to “standard design practice for condensing boilers, where
this water may reach 80 ◦C or 70 ◦C, with a return of 60 ◦C” [95]. Therefore, the notion of
low temperature is not clearly defined.

In the latest edition of the CIBSE Guide A (2019), hydronic systems are classified by
temperature level. Temperature below 90◦C, from 90 ◦C to 120 ◦C, and above 120 ◦C are
low, medium, and high temperature categories, with operating pressures of 1, 3, 5 bars
respectively [51].

With regard to the upcoming move away from natural gas as a source of heat and a
switch towards heat pumps and district heating [6], these definitions are outdated as they
represent a major constraint on DH [96]. The UK Government launched a consultation in
January 2021 to implement a cap of 55 ◦C of the flow temperature. This would apply to
new buildings, or during the deep retrofit of an existing building, to ensure that buildings
are ready for low-carbon heat [97]. The importance of providing a low return temperature,
a key parameter for DH, is not mentioned in this consultation paper. This approach,
focussed on low flow temperature but without mention of the necessity to achieve low
return, is also seen in a report published by the UK Government in February 2021 [62].
Further communication between the DH industry and the government is necessary to set
up policies that reflect the specific requirement of DH, and especially 4GDH, to ensure an
efficient roll-out of the technology.

However, when buildings are connected to a DH, the Heat Network Code of Practice
recommends a maximum return temperature of 40 ◦C for new dwellings for the radiators,
fan-coil units, and Air Handling Unit (AHU) [84,98]. It also provides guidelines for a
minimum temperature difference between flow and return of 30 ◦C for new buildings, and
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25 ◦C for existing buildings. As DH in the UK supplies only 2% of the current heat demand
(2019), this affects only a limited number of buildings. This Code of Practice could, for
example, be more widely applied to any buildings, or at least those situated in areas where
DH is deemed feasible.

3.1.2. Range of Design and Operating Temperatures

There is little evidence of the current operating temperatures in the literature for the
UK. This paragraph describes the various design temperatures used across the country, an
evaluation of the temperatures that could achieve a well-controlled and operated system
and a review of the common failings of such systems.

• Design Temperatures

Historically, heating systems in the UK have been designed to operate at 82/71 ◦C [12].
The current practice is to use both 82/71 ◦C and 80/60 ◦C [51]. The benefits of maintaining
high flow temperature and limited temperature difference are to avoid boiling, provide
rapid pre-heat capacity, maintain a high return temperature in order to keep radiator
size small and to prevent excessive thermal stress and prevent condensation (i.e., above
60 ◦C) [19,99]. Older boilers, once exposed to corrosion problems, might have been replaced
with a more modern boiler or heat pump, but the heating system to which it is connected
and designed to limit the return temperature could still be in place. In the professional
literature, there is still mention of the importance to maintain high return temperatures, but
this is now outdated. Medium and high temperatures, above 90 ◦C and 120 ◦C, respectively,
are still considered for large non-domestic buildings where high temperature and pressure
are reserved for the main distribution pipes, and temperatures below 90 ◦C serve the
final emitters [19,51]. The driver here is to increase the carrying capacity and reduce the
pumping cost.

The design flow and return temperature are impacted by the type of boiler installed.
In domestic buildings, condensing boilers are mandatory since 2005 in England and 2007
in Scotland [100]. A heating system using condensing boilers is still designed to operate
at 80/60 ◦C or 70/60 ◦C during peak demand [51,95], hence this has a limited impact on
the sizing of the heating system. In non-domestic buildings, condensing boilers are not
mandatory [27], and despite having an efficiency of some 10% higher than non-condensing
boilers [51], a low price of energy limits the financial benefit of the investment [101].
Therefore, condensing boilers are widely deployed in domestic buildings but less-so in
non-domestic buildings. Condensing boilers require return temperatures below 55◦ for
optimal efficiency. To avoid the problem of installing large heat emitters and associated
costs, the latest edition of Faber and Kell (2015), a guidebook edited since 1936, suggests
continuing to size radiators for higher temperatures. The high temperature would be
used during pre-heat time when the heat load is at its maximum level, and the system
would operate at temperatures below 55 ◦C during daytime, when the building benefits
from internal heat gains [19]. To supply heat to underfloor heating, the flow temperature
should be derived from higher temperatures using mixing valves or secondary circuits [19].
This shows that the importance of achieving a low supply and return temperature is not
paramount in current practices.

• Temperatures in a Well-Functioning System

A well-functioning heating system relies on efficient controls, appropriate temperature
settings, and a well-balanced hydraulic system. Buildings are operated for most of the
year in reduced temperature mode. This is particularly true for non-domestic buildings, as
they use weather-compensation control to reduce flow temperature during mild weather,
combined with TRVs to trim local temperatures [102]. Both weather-compensation and
TRVs are mandatory equipment in non-domestic buildings [26,27]. In domestic buildings,
weather-compensated controls were not recommended in 2008, as they were deemed not to
be cost effective [103], but TRV’s have become mandatory since the 1990s [104,105]. In 2017,
weather-compensated controls represented only a 2% share of the domestic market [105],
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and in domestic buildings, it is common practice that the flow temperature of the heating
circuit is set manually by the occupant with the adjustment of a dial on the boiler. In 2021,
the Energy Saving Trust mentioned in its recommendations to owners that “the highest the
temperature is set, the quicker it will heat the home. If it’s not set high enough when it’s
very cold outside, your home may not reach the desired temperature”. It also recommend
not to set the temperature too high, as condensing boilers are more efficient with return
temperature below 55 ◦C [106]. There is no explicit mention of the benefits of lowering
the temperature when the weather is mild. Boiler manufacturers recommend setting the
temperature between 60 ◦C and 68 ◦C [107–109] or do not provide guidelines [110]. Boilers
are usually preset for the recommended temperatures, and this optimal temperature is
sometime displayed on the boiler’s control panel.

A well-balanced hydraulic heating system provides a uniform temperature drop
across all radiators. This temperature drop, at nominal conditions, is expected to be 5 ◦C,
10–12 ◦C or 20 ◦C depending on the boiler type or the system type; typically, it is 5 ◦C for
systems where a pump is installed, 10–12 ◦C for systems with gravity flow [19] and 20 ◦C
when there a condensing boiler is installed [111] or higher with a connection to district
heating [112]. Most recommendations from radiator manufacturers are 10–12 ◦C [112–115].
British Standards have also recommend a nominal temperature difference of 11 ◦C since
1988 [83,99]. This is applicable for systems with outputs greater than 45 kW. The impor-
tance to achieve a low return temperature for condensing boilers is also presented, but
in a way that diminishes its impact: “Condensing boilers require relatively low return
temperatures (typically below 60 ◦C, but it depends on type)”. This code of practice (BS
6880) is still in use currently and should be updated to emphasise the importance of the
condensing mode, eventually with guidelines to achieve such a target. Finally, one radiator
manufacturer states that “temperature drop will usually be something between 10 ◦C and
20 ◦C depending on your system—if in doubt go for 12 ◦C” [113].

One can conclude that a well-functioning system in a non-domestic building would
operate with temperatures between 80/70 ◦C in extreme weather conditions and lower in
mild weather, depending on the settings of any fitted weather-compensation equipment.
For domestic buildings, the operating temperature would typically be between 60/40 ◦C
and 68/48 ◦C if the occupant does not modify the default settings on the boiler and if the
heating system is balanced to achieve a 20 ◦C drop across the radiators.

• Common Faults and Malfunction

Faults and malfunctions have been reported in the literature and affect temperature
setting, hydraulic balance and the appropriate use of other thermal and hydraulic controls.

The temperature setting of the flow temperature is often a first cause of malfunction.
A survey carried out by the Heat Pump Association [116] on 182 heating installers showed
that 70% of boilers were set to temperatures above 66 ◦C, and only 10% were set to
perform at the recommended 55 ◦C or lower. This is not a new situation, as, in 2016, BEIS
published a consultation document where it was mentioned that “We are aware that return
temperatures are often set much higher than 55 ◦C, and many installers feel that setting
temperatures too low will result in dissatisfied customers” [117]. For non-domestic systems,
the setting of the weather-compensated control curve (where fitted) is another cause of
malfunction. In a survey undertaken in 2004, it was found that the compensation curves
were all set inappropriately [101]. Another cause of malfunction results from the hydraulic
balancing of the heating system. A study across the EU has shown that hydraulic balancing
is not common either when systems are installed or when they are maintained, and only
10% of buildings had heating systems correctly balanced [118]. If the heating installer has
good knowledge of low-carbon technology, the systems are usually better balanced [62].
This is also a recognised problem by the UK Government, which mentioned in 2016 that “At
present, Building Regulations do not explicitly define hydraulic balancing or require central
heating systems to be hydraulically balanced when replaced and Commissioned” [117].
Finally, TRVs are not installed in every building, but the published figures are inconsistent.
A report published in 2021 by BEIS estimates that TRV’s are used in 37% of Scottish
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dwellings and 17% in England [62], while a report from DECC mentioned that, in 2008,
55% of UK dwellings were equipped with TRVs [119]. At an EU level, it is estimated that
less than 50% of systems have TRVs installed [118]. Finally, faults and malfunctions often
go unnoticed unless seriously affecting the comfort of the occupant [62]. For instance, a
radiator staying cold due to poor balancing might be noticed, but a condensing boiler
operating in non-condensing mode is likely to go unnoticed.

3.2. Design and Operating Temperature in other Countries

With design flow/return temperatures of 82/71 ◦C, the UK has the smallest temper-
ature difference (11 ◦C) compared to other countries. In a survey carried out by [39], it
is shown that the temperature difference in Poland is 14 ◦C (85/71 ◦C), 20 ◦C in Korea
(70/50 ◦C), Romania and Russia (95/75 ◦C) and Germany (80/60 ◦C) and 30 ◦C in Den-
mark and Finland (70/40 ◦C). It is worth noting that these values originate from 2002 and
are useful to understand design practice at this time but might be outdated in respect to
current practice.

DH supplies to almost 50% of the heat demand for residential and non-domestic sec-
tors in Denmark and Sweden [120]. In those countries, the market is mature for 3GDH, and
many experiments have been undertaken to vary operating temperatures [121]. In Sweden,
space heating systems were historically designed for a typical 90/70 ◦C or 80/60 ◦C until
the 1980s. In 1988, the development of DH and the desire to promote solar-heated buildings
pushed the government to limit the design flow temperature to 55–60 ◦C for new buildings.
Heating systems are currently designed for 60/40 ◦C, 60/45 ◦C or 55/45 ◦C [122–124].
Within the building, a hydraulic interface heat exchanger is designed to provide 60/40 ◦C,
too [125]. In Denmark, individual heating systems in houses were typically designed for
90/70 ◦C before 1990, 70/40 ◦C in the 1990s and are currently at 60/40 ◦C [44].

In 2017, a survey of radiators serviced by DH in Sweden showed that the average flow
and return temperature were 64/42 ◦C in extreme weather condition and that the flow
temperature was always below 55 ◦C if the external temperature was 5 ◦C or more [124].
Another study reported that multi-family buildings could be supplied by 50/30 ◦C or
45/35 ◦C, even with outdoor temperatures around 0 ◦C [52]. It was concluded in [121] that
a well-functioning space heating system can be supplied with temperatures of 40–70 ◦C
and provide return temperatures as low as 25 to 35 ◦C. A ‘well-functioning’ system is one
where the heat exchanger is appropriately designed and sized and hydraulically balanced.

It is common practice to use weather-compensation controls both at the DH level and
the substation [126]. The ability to reduce the operating temperature in well-functioning
space heating systems enables DH operator to reduce temperatures in the DH. This is
supported by various case studies. For example, in Denmark, a DH company supplying
5000 customers, domestic and non-domestic, at a temperature of 81/48 ◦C were able to drop
the network temperatures down to an annual average of 65/40 ◦C without building retrofit.
The only actions undertaken were a service check and advice provided to customers
who were experiencing a malfunction of their system and the introduction of financial
incentives for reduced return temperatures to motivate the customer to improve their
installation [127].

In Denmark, DH operates with varying temperature across the year with an average
of 78 ◦C (ranging from 65 ◦C to 80 ◦C) for the flow and an average of 43 ◦C (ranging from
32 ◦C to 42 ◦C) for the return. In Sweden, the average supply temperature is 86 ◦C, and the
average return is 47 ◦C [128–130].

In addition, it is worth noting that radiators in Danish and Swedish systems are
connected with TBOE, which provides them an optimal capacity compared to the BBOE
connection commonly used in the UK [84]. Recommendations to connect radiators TBOE
in the UK should be implemented, as these would generate higher efficiency for limited
constraint on the heating industry/installer.
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3.3. Benefits and Challenges of Low-Temperature Heat
3.3.1. Benefits

The need to progress towards the 4GDH and low-temperature networks has two
main reasons. The first comes from countries where DH is deployed. With the develop-
ment of tighter energy performance standards for new buildings and vast programmes
of energy renovations [131], the heat demand from customers is reduced. DH companies
are therefore facing reduced heat demand, while grid losses remain constant. To keep
heat networks cost-effective, they need to reduce the operative temperature to reduce grid
losses [50,89,91,92,132–139]. The second reason is the integration of low-grade heat and
the achievement of a 100% renewable energy system [7,89,140]. Low-temperature District
Heating (LTDH) can facilitate the integration of variable electricity production, for example,
wind and solar energy sources [141]. It can be noted that this is of particular interest in
countries with a high share of electricity from wind sources, for instance, the UK.

3.3.2. Challenges

The radiator is the main type of heat emitter in the UK, with up to 80% in non-
domestic buildings [101]. Other typical heat emitters are underfloor and AHU. Underfloor
heating generally requires temperatures below 40 ◦C and is therefore usable for low-
temperature heat [127,142]. Mechanical ventilation heat exchangers for AHU’s would
require modifications of the coils to accommodate lower temperature and is not deemed to
represent a significant challenge to adapt to LTDH [143]. Discussion with experts in the
industry highlight that AHU retrofit could still pose problems with the physical integration
of larger coil banks. However, the most pressing challenge is the capacity of existing
radiators with reduced operating temperatures [143].

A reduction in the operating temperature directly impacts the efficiency of the radiator.
The rated thermal output of heat emitters has to be declared at a temperature difference
of 30 ◦C and 50 ◦C [78]. When the operating temperature is reduced to below design
conditions, the heat output of the radiator drops below its rated output. This is acceptable in
mild conditions but impacts the radiator’s output capacity in colder weather or during pre-
heat time if the system operates on intermittent mode. In the transition towards 4GDH, this
reduced capacity is exacerbated if the system is designed for high operating temperature,
as in the UK, compared to those designed for lower operating temperatures, such as 3GDH.
Further details about a radiator’s heating capacity can be found in [79,80,112,144,145].

Another challenge for developing low-temperature district heating is the disconnec-
tion between a building renovation strategy and the rollout of low-temperature district
heating [146]. Local authorities, supported by national governments, have a key role in
the implementation of coordinated strategies [146]. To establish these strategies, improved
access to data related to the availability of local heat sources and that of the building’s heat
demand are necessary [146].

A lack of data related to a building performance also has a major impact on a system
efficiency once the system is up and running. Commonly, DH systems fail to achieve the
expected performance due to inappropriate operation in the buildings that they supply [32].
This is because the efficiency of the DH is driven by its operating temperatures, which
is in turn driven by the building’s heating system, over which heat network companies
rarely have any control. Thus, very little is known about a customer’s installation, yet it
is a key driver for an efficient system [147,148]. Furthermore, while systems are designed
to achieve a low return temperature, a succession of failings such as wrong temperature
setting, faulty components, hydronic imbalance, or bypasses, prevent them from reaching
target temperatures. As those faults have a high impact on the ability to provide a low
return temperature, malfunction detection for a heating system is a currently active field
of research [130,147,149]. The control of radiators employing low-temperature supply is
similar to traditional temperature supply systems; the main difference being the risk of
higher mass flow and high return temperature [150]. Therefore, the quality of a radiator’s
control has an increasing role when the operating temperature is reduced. In the UK,
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the poor efficiency of TRVs may lead to problems in delivering the appropriate control
of flow and difficulties in ensuring a low return temperature [101]. It has been demon-
strated that a relatively small number of open or faulty TRVs can significantly increase
the return temperature. This would advocate for an alternative approach to the standard
low-flow/low-return approach. This alternative approach can be low-supply/high-flow,
which relies on a minimum supply temperature weather-compensated curve and high
flow rate. A study shows that this method is a low-cost solution to achieve low return
temperatures when the space heating system has faulty TRVs [151]. Another argument to
support this approach is that a lower heat distribution loss constitutes a minor component
of the total cost reductions, while the highest cost benefits are related to lower energy
supply costs from geothermal heat, surplus industrial heat and heat pumps. [152]. The
ability of a system to use reduced flow temperature has an impact on the efficiency of the
heat source and, by consequence, on energy decarbonisation targets. This is why a low flow
temperature is paramount to maintaining a high level of efficiency of heat pumps. Failure
to achieve the expected coefficient of performance of new heat pumps is identified as a risk
to reach national decarbonisation targets [153]. This would advocate for the necessity to
focus on optimal supply temperature rather than optimal return temperature.

In order to reduce faults and errors, the end-user’s behaviour is a key parameter. This
highlights the necessity to involve such in the management of heating systems. For this
purpose, the heat supplier will often take over the management of the heating system or set
up an appropriate tariff structure to financially incentivise the client to deliver a low return
and is common in Scandinavian countries [122]. For example, Danish DH companies bill
their client on energy use and average return temperature [128]. The strategy is to award
consumers for low return temperatures and an additional charge if the return temperature
exceeds an established limit [154]. Such a tariff structure is uncommon in the UK and,
should it be implemented, non-domestic clients will be targeted first [155]. Occupants
of domestic buildings might have limited understanding of their heating and hot water
systems [155,156]. Therefore, customer knowledge is needed [155].

Brand and Svendsen [50] raised the question of the difference between air and oper-
ative temperature at reduced system temperatures and the true level of temperature set
by occupant comfort needs. The requirements for thermal comfort are based on operative
temperature, typically 20 ◦C [157], when most heating controls are based on dry air tem-
perature [158]. In most cases, measuring the average room air temperature is sufficient to
estimate the operative temperature [157,159], and this is especially true for well-insulated
buildings [17]. Brand and Svendsen (2013) concluded that, for poorly performing Danish
buildings, the magnitude of the increased capacity needed to provide comfort to the oc-
cupant is limited, and the use of air or operative temperature does not make a significant
difference. More generally, occupants tend to set the operative temperature at a higher
setting, for example, 22 ◦C in Denmark [160], which has an impact on the heating’s out-
put capacity. As the UK has a building stock with below-average performance, further
study is necessary to confirm if air temperature can be used as a good proxy for operative
temperature or if occupants are setting their comfort temperature at a higher level than
design specifications.

According to a survey with experts of the DH industry, the main barrier for the
implementation of the LTDH concept is the need to boost the flow temperature for both
thermal comfort and the pasteurisation of DHW [89]. For these experts, other barriers are
the high capital investment, the need to develop a specific business model and the retrofit
of existing substations and radiators. The reduction in the widely adopted 80 ◦C flow
temperature faces several limitations and thresholds. The first one is 65 ◦C; at temperatures
below 65 ◦C, there is a risk of Legionella Pneumophila forming in the DHW system. To
avoid this risk, water storage tanks must be maintained above 60 ◦C in the UK [161], as
well as in other EU countries [137]. The second threshold is 50 ◦C as it is the minimum
temperature required at the tap for DHW [161]. In the UK, the new Code of Practice for
heat networks [84] requires 50 ◦C at an instantaneous hot water heating system outlet if the
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volume of water is below 15 litres, and the hot water must reach the tap at 45 ◦C within 45 s.
The last threshold is around 30 ◦C, as this approaches the required minimum temperature
deemed suitable for SH comfort requirements in northern climates [44].

3.4. Low-Temperature in Low Energy Buildings

Low-temperature heat is deemed suitable for low-energy buildings, but the definition
of low-energy buildings is unclear. For [162], a low-energy new building is a building
that is “designed to achieve or to come close to the Passivhaus standard”. The Passivhaus
standard requires that the heat demand for SH is below 15 kWh/(m2·yr) for new buildings
and below 25 kWh/(m2·yr) for renovated buildings. In Norway, low energy buildings are
those built with TEK10 or Passivhaus building standards, and these buildings represent 3%
and 0.1% of the domestic stock [163]. In Sweden, a building is considered low energy if
its Energy Use Intensity (EUI) is below 100 kWh/m2, and this represents 10% of domestic
buildings and 30% of non-domestic buildings [122]. In the definition of 4GDH, [7] describes
it as appropriate for new buildings using less than 25 kWh/(m2·yr) or existing buildings
using 50 to 150 kWh/(m2·yr).

Low-temperature district heating is suitable for newly constructed buildings, as they
are assumed low energy buildings, combined with low-temperature heating systems
incorporating underfloor heating or low-temperature radiators [164]. Identifying a low-
energy building by age group is not possible as the most recent buildings are not necessarily
the most efficient when the oldest is not the less performing [122]. A breakdown of EUI
per archetype, use, size and ownership does not clearly explain the extensive variation in
heat use. This seems to be the case in Sweden [122], Denmark [128], the UK [46,67,165] and
in Switzerland, where “Buildings constructed before 1921 performed better than the stock
average and buildings built between 1947 and 1979, which constitute the largest share of
stock, performed worse” [166].

3.5. Low-Temperature in Existing Buildings

One of the major challenges for the development of 4GDH is to provide low-temperature
heat to existing buildings designed for higher operating temperatures [50,91]. By 2050, 80%
of the existing buildings will still be in use as the regeneration rate of the building stock in
European countries is 1.2 to 1.5% [167]. When low-temperature heat is considered in an
existing building, one approach is to increase the size of radiators. BEIS indicates that it
was common practice for heat installer to multiply the capacity of a radiator by 2.4 when a
low temperature system is retrofitted [62]. Another approach is to use underfloor heating.
However, that may not be sufficient for poorly performing buildings, may not guarantee
a low return temperature and can be expensive or technically impossible [168]. A last
approach is to upgrade insulation and single-glazed windows and fit new radiators [90].

Most of the published journal articles and technical reports apply to countries where
3GDH is a mature market, for example, Denmark and Sweden, and studies applied to UK
buildings are more limited. The literature explores what level of retrofit is necessary to
enable the use of low-temperature heat and classifies retrofit levels into four categories:
(i) no retrofit, (ii) change of window, (iii) change of emitters system and (iv) retrofit of the
envelope. Only a few documents focused on the degree of oversizing which is necessary
to use low-temperature heat. The following four paragraphs review the impact of the
various levels of retrofit applied to buildings and is followed by the impact of oversizing
of systems.

• No retrofit

A study applied to a building built under Finnish building standards [54] finds
that a heating system sized for operating temperatures of 70/40 ◦C can reduce flow and
return temperatures down to 45/35 ◦C for SH. In this work, internal heat gains were not
accounted for. This shows that recent buildings can use low-temperature heat without
retrofit, but two elements limit this conclusion. This work was based on theoretical values
and therefore does not include the eventual performance gap. The second reason is that
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radiators were sized to match the width of windows, eventually leading to an unknown
degree of oversizing.

Other studies, applied to older buildings in Denmark, show that the use of a flow/return
temperature of 55/25 ◦C can supply 92% of the heat demand [50] or most of the year with
55/35 ◦C [52]. In Norway, achieving 60/40 ◦C is possible for all buildings built pre-1956 or
post-1971. For buildings constructed between 1956 and 1971, 97% of the heat demand can
be met. In this work, the heating system is sized to provide an internal comfort temperature
of 22 ◦C, but 19 ◦C is deemed acceptable during the coldest days [63]. If the occupant
increases the internal temperature to 22 ◦C, only 78% of the heat demand can be met [50].
These authors concluded that existing buildings could connect to low-temperature heat if
the flow temperature of the DH is raised during the coldest days. This is in line with cur-
rent practice in the DH industry, which modulates the temperature flow with the external
climatic condition; hence, a slight increase during the coldest days of the year is deemed
acceptable [44]. Another way to increase the heating capacity during the coldest days is to
temporarily increase the mass flow rate of the working fluid in the heating system within
the building. One drawback of this method is that this causes an increase in the return
temperature and the limitation is the maximum design flow allowed within the radiators
and piping system [50]. Achieving reduced operating temperatures for most of the year
is enabled by the fact that space heating systems operate most of the year in part-load,
where the heat emitters are large enough to minimize the supply temperature. In this way,
the level of building renovation in Scandinavian countries would simply allow a further
reduction in the supply temperature, however, it is not a prerequisite.

In the UK, a study published in 2021 applied to domestic buildings showed that
buildings were less able to use reduced flow temperatures. It concludes that with a flow
temperature of 85 ◦C, 89% of buildings could meet the heat demand at external design
conditions. This meant that 11% of the building stock had undersized radiators for design
conditions. At a flow temperature of, say, 65 ◦C, 46% of the buildings would be able to
meet the peak demand. If the flow temperature was dropped to 55 ◦C, 10% of existing
buildings would already be able to provide appropriate comfort [62]. The study concludes
that the 2.4 ratio used when radiators are retrofitted is overestimated. However, this study
has some important limitations. (i) The calculation of the heat output of radiators is based
on its AMTD. It has been demonstrated that this overestimates the heat output, especially
with lower temperature range [80]. (ii) The study using RdSAP which demonstrates that
the more recent a building is, the lower its Energy Use Intensity (kWh/(m2·yr) is. This has
been challenged by numerous publications based on true energy use (cf. Section 3.4). Those
limitations tend to over-estimate the degree of oversizing, and therefore over-estimate the
ability of the buildings to use low temperature heat.

• Windows

Over time, existing buildings have probably been through moderate retrofit, which is likely
to include new windows [44]. In that scenario, a low-temperature supply of 55 ◦C can meet
heat demand for over 96% of the year and this has been largely documented [50,52,163,169,170].
Again, a limited increase in the temperature of the DH supply temperature during the
coldest days enables the system to meet 100% of the demand [164].

• Change of emitters

When larger radiators are considered, the replacement can be applied to the entire
system [50,170] or by targeting only critical radiators such as replacing one out of five
radiators was found sufficient by [75]. The same approach is used when a heat pump is
retrofitted in an existing home as a third to a half of the radiators are usually replaced,
some being large enough already [168]. In each scenario, it is possible to supply 100% of
the heat demand with temperatures of 50 to 55/25 ◦C. The use of radiators with increased
heat convection is more effective than just oversizing the radiator [171].

• Retrofit of the envelope
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Retrofit of the building envelope is another way to reduce the temperature supply
and return [50], which can be as low as 35 ◦C and still meet occupant comfort needs [171].
The degree of retrofit can be impacted by the efficiency of the heat emitters. If the supply
temperature is reduced to 40 ◦C with conventional radiators, the heating system can cover
a heat demand of 15 W/m2. Using radiators with enhanced emissions rates enables them
to cover the heat demand of a building with a heat demand of 20 W/m2 [172]. Considering
the capital investment of an envelope retrofit, the choice to retrofit the envelope should
be linked to the economics of the associated energy saving more than the ability to use
low-temperature [171].

• Oversizing of heat emitters

Østergaard and Svendsen investigated a survey study of 1645 Danish houses where
the plumber-evaluated heat load of the houses was compared with typical design values
and tabulated. Visible retrofit history was also included in this evaluation. The heat output
of radiators was estimated based on their dimensions, and it was concluded that 80% of the
radiators were over-dimensioned with an oversizing going up to 350%. This should enable
the operating supply temperature to drop from the classic 70 ◦C in Denmark to below 60 ◦C
for most of the year. It is reported in the UK that heating systems are notoriously undersized
and the prevalence of tenement block construction in poorly maintained conditions will
not be able to use low-temperature heat [61]. The level of undersized systems is estimated
at 23% of the stock in [62]. However, under-sized radiators can also cope with reduced
supply temperatures, as extreme external design conditions rarely occur [36].

An evaluation of 30%, 50% and 100% oversizing factors has been carried out for
houses in Norway [163]. They found that an oversizing of 50% enabled a drop in supply
temperature down to 55 ◦C for 99% of the year. Combining an oversizing factor of 30%
with a retrofit of new windows enables the use of 55 ◦C flow temperatures all year round.
An oversizing of 100% enables a drop in the supply temperature down to 50 ◦C. With an
assumed oversizing of 20–25% in Norway [63], light renovation could enable the use of
supply temperature of 55 ◦C without changing the heating system.

In conclusion, buildings connected to DH need limited measures to enable the use of
4GDH. These measures can be a temporary rise of the network supply temperature during
the coldest days of a year, a retrofit of the original windows or a change of critical radiators.
In those cases, the heat emitters are large enough to minimize the supply temperature. This
ability to use low temperatures is described by [128] as a “nascent readiness” in Denmark
for 4GDH. For buildings using gas boilers in the UK, a more limited number of dwellings
are currently able to use supply temperatures of 55 ◦C, but further work is necessary to
better understand the full impact of LTDH on UK building stock.

4. Conclusions

Achieving net-zero emissions from the building sector in the UK involves replacing all
gas boilers with new technologies such as heat pumps or low-temperature district heating
commonly called fourth generation district heating (4GDH). Both technologies are efficient
at reduced temperatures, typically 55/25 ◦C, when existing buildings have been designed
for 82/71 ◦C. Understanding how existing buildings can use these reduced temperatures
is paramount for an efficient phase-out of gas boilers. This paper reviewed how space
heating systems have been sized over time in the UK and the degree of oversizing in
existing space heating systems. It also reviewed what levels of design and operating
temperature are currently used in the UK and abroad. Finally, it reviewed how energy
efficiency measures associated with a degree of oversizing of the heating system enable the
use of low-temperature heat in existing buildings.

The investigation showed that methods to size a heating system have not changed
over time, but in existing buildings, the adequacy between the size of a heating system and
the heat demand is rarely optimal and systems are usually oversized. Heating systems
are sized for extreme conditions that rarely occur, and therefore, systems operate most
of the year under part-load. This is exacerbated if the system is oversized. Oversizing
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comes from changes in heating systems which had to adapt to modern levels of comfort,
retrofit history of the building or the use of margins at various stages of the design and
construction process. In the design process, the major oversizing factor comes from the
pre-heat factor used for intermittent operation of the heating system. Recommendations
for the pre-heat factor have fluctuated by up to 200% while a limit of 20–25% has always
been deemed sufficient. The sizing of a system often relies on empirical use of margins by
the design engineer, but the lack of feedback limits improvements. In addition, oversizing
presents less risks than under-sizing a system. Oversizing is generally associated with
reduced performance, reduced efficiency, increased capital and operating cost and can lead
to reduced credibility of the building industry to deliver net-zero buildings. It should be
noted that oversizing can be hidden by poorly performing buildings. Oversizing, similar
to the energy performance gap, is still an issue in recent buildings, in the UK and abroad,
and is not linked to building’s age group, archetype or use. Oversized heating systems are
a well-established fact, but their magnitude and degree are rarely investigated. However,
oversized emitters can benefit from the transition towards the fourth generation district
heating. They enable the use of lower temperature flow and provide better cooling of the
hydronic fluid, both key drivers of efficiency in low-temperature district heating systems.
In the UK, oversizing of 50% to 100% is common practice and can reach 400%, but 23% of
dwellings are undersized. Abroad, its magnitude is estimated to be 20–25% in Norway. In
Denmark, 80% of individual radiators are oversized, some up to 350%.

Research, essentially in Sweden and Denmark, shows that systems already connected
to district heating can use 4GDH temperatures for most of the year. Limited retrofitting,
such as new windows, change of critical radiators or an oversizing factor of 30 to 50%
of the heating system, is sufficient to enable the use of low-temperature heat all year
round. However, while oversizing and building retrofitting facilitate the use of reduced
temperature, it is not a prerequisite, as space heating systems already operate below
design conditions when weather-compensated controls are used, and this also applies to
under-sized systems. Weather-compensated controls are common practice in non-domestic
buildings and district heating systems but are rarer in UK dwellings. Finally, buildings in
Scandinavia have a nascent readiness for low-temperature heat as they can use it for most
of the year without retrofit. Limitations come from faults and malfunctions of the systems.
In conclusion, the lessons from Scandinavian countries should be exported with caution
into the UK.

The first identified limitation is the current level of operating temperature in the
UK, which is higher than in countries where district heating is widely deployed. In the
UK, the dominance of natural gas at relatively low cost has led to the development of
heating systems operating at a high level to reduce the size of the radiators. Consequently,
systems already connected to 3GDH have a smaller step to jump in order to operate
under 4GDH metrics. Moreover, the importance of providing cooling to the heating circuit
does not exist in the UK, despite the wide use of condensing gas boilers, which currently
operate in non-condensing mode as return temperatures are generally too high. The second
limitation is that buildings connected to district heating tend to operate with continuous
space heating provision while this is rarely the case in the UK. The third limitation is the
gap in knowledge related to the performance of heating systems in the UK. The building
stock in the UK is some of the oldest in the EU and performs poorly compared to other EU
countries. The fourth limitation is related to building and heating system design policies.
Sweden and Denmark, for example, started the journey to develop district heating in the
1980s, whereas the UK is only just considering such measures in 2021. Current legislation
and guidelines in the UK are outdated, and the actual move towards low-temperature
heat does not include the specificities of district heating technologies and especially not
4GDH. They are generally focussed on heat pump adoption and the electrification of heat.
Further research is necessary to confirm if and how lessons from other countries can be
applied to UK building stock. Such research should focus on the operating temperatures
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currently used across domestic and non-domestic buildings, true peak load and the degree
of oversizing of space heating systems.

To prepare an efficient development of 4GDH in the UK, some recommendations for
policy makers are drawn from this review and are detailed hereafter. They aim to make
building stock in the UK ready for 4GDH:

(i) The current radiator connection type BBOE should not be allowed as this reduces
the output capacity of radiators by 5 to 15%, limiting the ability to provide a low
return temperature. This would generate little constraints on current heating indus-
try/installer practice.

(ii) The current definitions of low-temperature heat in the UK are outdated. The def-
inition of low-temperature heat should be aligned with the standard developed
around 4GDH.

(iii) The recommendations for operating temperatures from the Heat Network Code of
Practice should be applied to any buildings, or at least those situated in areas where
DH is deemed feasible.

(iv) The code of Practice BS6880 should be updated to clearly highlight the importance of
low return temperatures for condensing boilers.

(v) Building regulations should clearly define hydraulic balancing or require central
heating systems to be hydraulically balanced when commissioned and/or replaced.
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Nomenclature

Variables
OF Oversizing Factor
LMTD Logarithmic Mean Temperature Difference [◦C]
Tf Flow temperature of radiator [◦C]
Tr Return temperature of radiator [◦C]
Ti Ambient temperature in the room [◦C]
.

Q Heat flow [W]
Indices
n Radiator exponent, usually set to 1.3
O Design condition
rad Radiator
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