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Abstract

This paper presents new metrics to measure the effect of thermal mass on the
energy required to heat and cool buildings. Previous studies have been flawed
as they have not considered the interaction between intermittent occupancy
and thermal mass, which has a significant impact on overall energy use.
However, existing parameters do not adequately capture these effects, so
the new metrics developed in this paper are used to analyse the impact of
thermal mass in hot climates with active cooling, and cold climates with
active heating. The results agree with existing literature that high thermal
mass structures are likely to be effective in hot climates; however, in cold
climates the drawbacks of high thermal mass likely outweigh the advantages,
and high thermal mass can cause an increase in energy use. This finding has
implications for the design of buildings in cold climates, and contradicts the
commonly-held assumption that high thermal mass is correlated with low
energy use. The new metrics (transient energy ratio and effective U-value)
provide a generalisable method to quantify these effects. They are further
used here to analyse the dynamic performance of heavily insulated buildings
and show that high thermal mass often leads to higher energy use in cold
climates.
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1. Background

It is taken as self-evident that a reduction in the energy required to heat
and cool our homes, offices, factories and other buildings is an important
goal. To this end, engineers and architects worldwide incorporate energy
efficiency measures at many stages of the design, whether for a new build or
a refurbishment project; and greater awareness of global warming and cli-
mate change means that energy efficiency measures have taken on a greater
prominence than, perhaps, at any time previously. Such thinking is incorpo-
rated into building design codes and regulations in the majority of developed
states; however, many codes — and designers — focus primarily or entirely
on the thermal resistance (or transmittance, the ‘U-value’), to the exclusion
of thermal mass[1].

The thermal mass of a building determines its ability to store heat energy,
as either sensible or latent heat, and this in turn can have a large influence
over indoor temperatures, power requirements and occupant comfort. By
analogy with electrical circuits, the term thermal capacitance has gained
wide currency, referring to the effect that large heat capacity components
can have, buffering temperature changes and reducing the rate of change.
Thermal mass is of importance during transient heating and cooling; this
is also the dominant thermal mode for the majority of buildings globally,
with comparatively few operating in anything like continuous, steady-state
conditions. Domestic buildings occupied by working households, for example,
might only be heated/cooled outside working hours, while the opposite might
be true for office buildings.

There are three contributions to the thermal mass of a structure as a
whole: the envelope and structural elements, the air volume, and the fittings,
furniture and other objects. That the thermal mass of the building envelope
is important, is easily shown by a simple calculation of the heat capacity of a
typical room or building: the heat capacity of the air in a room of 25 m2 would
be around 75 kJ/K, whereas the heat capacity of the building structure for
such a room might be of order 20000 kJ/K (see page 10). Interestingly, the
heat capacity of the fittings, furniture and other contents might be of order
1500 kJ/K, and will vary greatly depending on the building’s use. There is
an increasing body of research looking at the effect of furniture on indoor
temperatures, and this will have an effect, but is usually discounted from both
simulation and experimental studies due to its variability[2, 3]. Neglecting,
for the present study, the effects of the contents, it is clear that transient
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Contributions to the heat capacity of a typical room
Each element of a room makes a contribution to the total heat capacity.
To make an order of magnitude estimate of the relative contributions, it is
sufficient to take the volumetric heat capacity of air as 1.2 kJ/m3/K, and that
for the walls as 1 MJ/m3/K (construction materials have a typical range of
about 0.9 to 1.4). Using the relationship total heat capacity is volumetric
heat capacity times volume, and assuming a square room of side length 5 m,
height 2.5 m, and wall thickness 0.3 m gives 75 kJ/K for the air and 15 MJ/K
for the walls; the floor and ceiling will add to this. The mass of furniture will
vary substantially; taking 30 kg per m2 floor area as typical[3] and assuming
this is mostly timber (2 kJ/kg/K) gives a figure of 1500 kJ/K.

thermal behaviour is dominated by the heat capacity of the structure rather
than that of the air.

Despite the importance of thermal mass, it remains an under-researched
area by comparison with thermal resistance/conductivity. From the perspec-
tive of material performance, research has been carried out into the dynamic
performance of individual structural materials, but even common structural
materials such as concrete are not yet fully understood[4]. There are agreed
standards relating to the dynamic thermal performance of building compo-
nents ([5], and see also [6] relating to summer cooling), but these have failed
to produce accurate results when compared to real data, perhaps due to the
use of sinusoidal temperature profiles in the calculation procedure[7]. Where
thermal mass is incorporated into building codes, it is often done so conserva-
tively, or inappropriately[8]; many national building codes make no provision
for thermal mass, restrict its use to cooling cases, or make no allowance for
interactions between climate, occupancy and thermal mass (e.g. [9, 10, 11]).
In terms of design and modelling, Kosny and Kossecka[12] showed that many
simulation programs and codes provide inadequate results when modelling
high-mass buildings, as they were developed for and tested with structures
with much lower thermal storage capacity. An additional shortcoming is that
many recent studies have been carried out using detailed simulation of one
or a few buildings, sometimes combined with experiment; while these are
likely entirely correct for the specific buildings and regions analysed, due to
the very detailed nature of such work it is difficult to extrapolate from these
studies to general conclusions[13, 14]. A few parametric studies have been
carried out to understand the influence of thermal mass on buildings in a
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more structured fashion; for example, Aste et al [15] carried out a paramet-
ric study for a number of wall types, for heating and cooling cases; however,
while useful, their study was restricted to a climate corresponding to that of
Milan, Italy; and Asan[16] carried out a study into the effect of wall material
and thickness on lag time and decrement factor for a wide range of homoge-
neous walls. A small number of studies have looked at the effects of varying
the placement of insulation and thermal storage layers within a wall, usually
relying on 1D studies and controlling for wall thickness[17, 18].

A drawback common to all these studies is the lack of a unifying frame-
work for assessing thermal mass. A number of attempts have been made to
develop such a framework, such as the ‘M factor’ method and the ‘DBMS’
method; intended primarily for HVAC1 equipment sizing and cooling cli-
mates, respectively, these methods have their applications but also significant
drawbacks[19]. In particular, they neglect to allow for intermittent heating,
which radically alters the impact of thermal mass. The underlying issue
with developing a common framework, is the fundamental nature of tran-
sient behaviour by comparison with steady-state behaviour. While thermal
conductivity is well-defined, with both length-independent (‘thermal con-
ductivity’) and length-dependent (‘U-value’/‘R-value’) measures that may
be optimised, such parameters are lacking for dynamic thermal behaviour.
Thermal diffusivity does not perform an equivalent role to conductivity; the
nearest equivalent so far, is perhaps the time constant for a wall[20]. This
has been used for parametric studies, but is not generalisable to multi-layer
wall structures such as those common in modern construction[21][22]. This
is of particular concern for models using lumped-mass methods of thermal
analysis, which are popular but cannot adequately account for multi-layer
behaviour unless each layer is treated separately; these problems are most
apparent with low-order models, and at large Biot numbers[23, 24, 25, 26].

Furthermore, there is a lack of research focussing on the performance
of thermal mass in temperate and cold climates. Where research exists for
temperate climes, the focus again is on detailed models of specific buildings
making it hard to generalise[13, 27]. Studies attempting to produce general
results often involve unrealistic assumptions[28]. Many novel concepts have
been proposed, some have been studied (e.g. [29, 30, 31, 32]), but again,
detailed studies of a limited range of buildings produce results that are hard

1Heating, ventilation and air conditioning
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to generalise. In the case of the referenced studies, the latter looks primarily
at high mass as a means to reduce overheating, even in a mid-European
clime (the Netherlands) — but in many parts of the world, including mid
and northern Europe, the quantity of energy used for heating is far greater
than that used for cooling.

Given the lack of a unifying framework, the research that does exist re-
lating to cold climates is patchy and contradictory. Bojić and Loveday[18]
examined the influence of thermal mass and insulation on energy require-
ments for intermittent heating, intermittent cooling and continuous cooling
cases, with various positions of the insulation/masonry layers in a combined-
material wall. They found that the greatest benefit from high thermal mass
was found with an intermittent cooling case, where substantial reductions
in energy use were found; in the case of continuous cooling there was no
reduction in total energy use, though there was a reduction in the maxi-
mum cooling power requirement. In the intermittent heating case, thermal
mass was found to increase the energy required. This is in line with other
research (eg. [27], and Tsilingiris’ development of the time constant by defin-
ing anisotropic time constants[33]), and contradicts the assumption in many
quarters that increased thermal mass causes a reduction in heating require-
ments. Where studies have found increased heating energy use due to high
thermal mass, these results are often not followed up (many of these results
being ‘corner cases’ such as occasional winter heating in cooling-dominated
climates[14, 34]).

Unfortunately, despite the importance of thermal mass, there are few
studies looking at its effects in a generalisable, quantifiable sense. Much of
the guidance aimed at building designers is of the form ‘thermal mass is
good’, when its inappropriate use in some cases is a hindrance, increasing
energy consumption rather than decreasing it[20]. Published research as well
as advice from governments and industry bodies can be confused, or simply
wrong, about the benefit of thermal mass[35, 36, 37]. To a large extent, this
can probably be attributed to two factors: firstly the relative complexity of
modelling thermal mass compared to thermal resistance, and secondly the
more involved nature of its effects. It is easy to understand the impact of
thermal resistance on heat loss or gain through a wall envelope in a qualita-
tive sense: increase the resistance, and heat flow drops. However, the effects
of thermal mass are more subtle than the effects of resistance, and depend on
a wider range of factors; such factors include not just average temperatures
but also occupancy patterns, external temperature profiles, and details of the
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wall construction. It is also comparatively easy to model thermal resistance
quantitatively, at least in a simplified form; whereas the impact of thermal
mass is more difficult and time consuming to model, requiring transient nu-
merical analysis or analytically complex methods[12, 15, 18, 28, 38, 39]. The
lack of a single parameter for quantifying the dynamic properties of thermal
mass is a definite drawback in this regard. This paper sets out to present
just such a parameter, and to use it to analyse the impact of thermal mass
in both hot and cold climates.

2. Measuring thermal mass

As discussed in the preceding section, there is much commentary regard-
ing the purported positive effects of thermal mass, but less discussion of the
drawbacks. One case, however, that has been noted in the literature as a
scenario where thermal mass is a drawback, is the case of a weekend holiday
home in a cold environment[20]. In a qualitative sense, this is easy to under-
stand: our hypothetical building has been unoccupied for weeks or months;
the occupants arrive late on a Friday evening, and turn on the heating sys-
tem, leaving it running until they leave on Sunday. In this case, it is clear
that a high thermal mass building will require more energy to heat than a
low thermal mass building of identical floor area, U-value and air-tightness.
The air inside warms up to the setpoint, and the building fabric continues
to draw heat from the interior, placing a greater demand on the heating
system. A substantial proportion of this heat will be returned to the build-
ing’s interior — but this will happen on Sunday night and Monday, after
the occupants have left, and is of no benefit. Hence, this represents wasted
energy. Of course, a qualitative analysis only takes one so far, and what is
really needed, is a way of quantifying this phenomenon. Unfortunately, one
cannot use any material property, nor even the total thermal mass of the
building, since the proportion of extra heat required depends on the order of
layers in the wall (as well as on details of the thermal loading case applied).
It would be possible to develop a full, numerical simulation of a particular
dwelling, but then the results would be very restricted in application. This
paper proposes a more generalisable parameter, which is described in the
following sections.
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2.1. Existing metrics
In terms of thermal performance, materials are characterised by two key

parameters: thermal conductivity and heat capacity. For a steady-state anal-
ysis, the conductivity is the only one that is relevant, and the use of U-values
makes such an analysis very easy: to optimise the steady-state thermal per-
formance of a wall, it is necessary to minimise the U-value (or, for scenarios
where heat transfer is desirable, to maximise it). Unfortunately, it is not
so obvious how to optimise the thermal mass, nor even what parameter
should be optimised. Studies focussed on thermal storage often emphasise
the importance of both high heat capacity and high conductivity, in order
to ‘activate’ the thermal mass[40], but there is a clear conflict here with the
need to lower the conductivity to reduce overall heat loss/gain. Higher con-
ductivities can, indeed, result in greater thermal storage, but they will also
result in a greater heat flow to the outside (when used in an external wall).
The time constant is related to the diffusivity, but this is also an unsuitable
parameter, as two materials can have identical diffusivities but very different
heat capacities, provided the conductivities also differ by the same factor (see
box on page 10).

2.2. New parameters
An analysis of the steady-state performance of a wall, characterised by its

thermal conductance, relies only on the mean temperature difference across
the wall. This analysis may be performed either statically, using the mean
temperatures for the season of interest, or quasi-statically, where the calcula-
tion is performed on a daily or hourly basis but the wall is assumed to remain
in thermal equilibrium with the boundary conditions at all times. The use
of a quasi-static analysis readily lends itself to integration in the degree-days
model of heating demand[42]. For a particular wall type and thermal profile,
it is also possible to carry out a full transient thermal analysis of a building
element; this captures the effect of thermal mass, and the interday corre-
lation of temperatures not accounted for in more simplistic analyses. Such
an analysis (for actual building geometries) is typically carried out using a
numerical simulation technique, of which there are many different variants.

In order to assess the role of thermal mass, it is useful to separate all the
factors that influence the dynamic response of a building, and thus exclude
extraneous factors such as ventilation rate, air volume, wall to floor area
and other factors which would be included in a full building assessment.
By modelling an individual construction element in isolation, the effects of
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Example diffusivity data
Thermal diffusivity is the property α:

α =
k

ρc
(1)

c here is the specific heat capacity; this is often given as the specific heat
capacity at constant pressure (cp) or constant volume (cv), though for most
solids there is little difference between the two values. Data is given for two
example materials in the table below; concrete and PVC foam have very
different conductivities and heat capacities, yet their diffusivities are similar.
(Data from [41].)

Example material data:
α k ρ c

mm2 s−1 Wm−1 K−1 kg m−3 J kg−1 K−1

Cast concrete 0.61 1.28 2100 1007
Polyvinyl
chloride foam

0.64 0.035 37 1470

thermal mass can be observed. These effects can be assessed by comparing
an accurate, transient model which accounts for thermal mass effects, to a
static model based purely on conductivity values. In order to do this, here
we introduce the concept of the Transient Energy Ratio (TER): this ratio is
defined as the energy used in a dynamic model of the scenario, divided by
the energy used in the same scenario modelled with a quasi-static analysis
(Equation 2).

T.E.R. =
Energy used in a transient model
Energy used in a static model

(2)

The TER captures the effect of thermal mass, whether positive or nega-
tive, and separates it from steady-state performance.

It also becomes useful to define the concept of an effective U-value (Ue).
Relating energy use to U-values allows easy comparison between dynamic
and static analyses. Reporting a dynamic response in the same units as
a static response allows for appropriate comparisons, and as the building
industry is generally very familiar with (static) U-values these are a useful
choice. The effective U-value gives the correct result for the energy lost
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through the wall in a transient analysis; it is defined in Equation 3. Under
steady-state conditions, Ue = U . This also applies for a ‘thermally light’
wall, i.e. one in which there are no thermal mass effects. Under non-steady
conditions, a ‘thermally heavy’ wall will exhibit an effective U-value that
differs, perhaps substantially, from the value calculated assuming steady-
state conditions prevail.

Ue =
E

A(T̄o − T̄i)(t2 − t1)
(3)

In Equation 3, E is heat flow, defined as positive when flow is from the
outside to the inside of the wall; A is wall area, and t1 and t2 are the start
and end times. T̄o and T̄i are the mean outdoor and indoor temperatures,
respectively, for the time period under study. Hence, T̄o − T̄i is the mean
temperature gradient causing heat flow through the wall (as in Equation 4).
In the case of a hot climate, this term will generally be positive; in a cold
climate, this term and the energy E will be negative.

T̄o − T̄i = (To − Ti) (4)

The effective conductivity can also be defined. For a homogeneous wall,
the relationship between the conductivity and the effective conductivity is
the same as that between U and Ue. For a non-homogenous wall it is not
useful, and the use of U and Ue is preferred. The effective conductivity is
related to Ue as in Equation 5.

ke = Ue · L (5)

3. Thermal mass in a hot climate

Firstly, a wall section was analysed in August in Madrid, Spain: this is
a hot region with a large temperature variation between day and night. An
area with temperatures above the comfort zone during the day and below it
at night is the classic situation in which thermal mass is expected to perform
well; a high thermal mass wall will, it is anticipated, absorb much of the heat
during the day and release it at night. The transient energy ratio measures
the energy flow through a wall, by comparison with an equivalent wall with
the same thermal resistance but zero heat capacity (i.e. no thermal mass).
Consequently, for a scenario such as this, the TER is expected to be less than
one — perhaps substantially less.
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Table 1: Madrid weather data[43, 46]
Maximum Minimum Mean Mean diurnal range
K °C K °C K °C K

17-24 Aug. 2015 309.2
36.0

285.2
12.0

298.0
24.8

13.4

August mean 308.8
35.6

286.8
13.6

298.9
25.7

16.5

August extreme 314.4
41.2

280.6
7.4

- -

Annual 315.4
42.2

258.0
15.2

287.7
14.5

13.2

The setting chosen for this analysis was a south-facing wall in August;
Madrid has a hot, dry climate, with high solar gain conditions, well-suited
to high thermal mass buildings. An arbitrary week was chosen, from 17th
to 24th August 2015. Temperature data was obtained from aviation records
for Madrid Barajas airport with a half-hourly resolution; solar flux data was
estimated from data on the mean solar flux and sunshine hours per day
for Madrid[43, 44]. The weather during the week modelled was typical of
Madrid’s climate[45] (see Table 1).

3.1. Model details
For this example, and the rest of this study, two models were used for each

scenario, a static and a transient analysis. The static analysis ignores the
contribution of thermal mass; in this analysis, the energy loss is calculated
assuming that the wall is in steady-state conditions at all times. In other
words, the temperature gradient within the wall is treated as piecewise linear,
with the temperature gradient in each layer determined solely by the thermal
conductivity. This gives an energy flow at any time that is in exact agreement
with the U-value for the wall, i.e. Equation 6 holds. The temperature on the
outside face of the wall was determined by the energy balance between heat
received from the sun, heat lost (or gained) to (or from) the surrounding air,
and heat flow towards the inside of the wall.

E ′ = UA(T̄o
′ − T̄i

′
)(t2 − t1) (6)

(This is similar to Equation 3; the symbol ′ is used to denote that this is a
steady-state analysis.)
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The dynamic analysis used a finite element (FE) model of the wall. The
model was implemented in commercial finite element software2. The empha-
sis was on simplicity and making as few restrictive assumptions as possible,
aiming to produce results of general applicability. For this reason, no as-
sumptions were made that would restrict the model to any particular build-
ing volume, and thermal bridging and edge effects were not included. The
model comprised a unit square with heat flowing in the through-thickness
direction (with other boundaries insulated), with nodes at approximately 7
mm spacing on average (with a greater density in materials of high diffusivity
and a lower density in the others). Internal connections between materials
were tied. A maximum and default timestep of 900 s was used, which was
reduced as necessary during periods of steep temperature changes to give a
maximum temperature change per step at any node of 0.1 K. Further details
of the FE model are given in Appendix A.

Two scenarios were modelled for each wall (corresponding to two different
boundary conditions on the inside face). The two scenarios are illustrated in
Figure 1. The first examined the temperature response of each wall during
conditions of no heat flow; in this scenario, the boundary condition on the in-
ner face allowed no heat exchange. Under these circumstances, a thermally
light wall should quickly reach equilibrium with the outdoor temperature,
while a thermally heavy wall will take longer. This is a useful model for de-
veloping understanding of the behaviour of different wall typologies, although
it does not represent a physically realistic condition.

The second scenario was more realistic: in this, the wall’s inner face was
exposed to air at 299 K (26 ◦C) between the hours of 9am and 5pm, and
insulated outside these hours, as a model of a well-sealed office building with
air conditioning. The insulated boundary provides a reasonable model of a
well-sealed building, as the contribution of the air volume in the interior to
the thermal mass is negligible (as discussed in Section 1).

Heat transfer between the wall and air was modelled according to ISO 6946
as in Equation 7. This equation produces a single, overall heat transfer coef-
ficient h which includes contributions from conduction, convection and radia-
tion. Although this method is an approximation, the error (less than 1%) was
appropriate for this level of accuracy. Velocity and mean temperature data
gave a value of h = 24.0 Wm−2 K−1for Madrid during this week[46]. The

2Abaqus/CAE 6.12-2
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Equal heat transfer

Daytime

Nighttime

Air conditioning

Unqual heat transfer

Scenario 1 Scenario 2

Figure 1: Modelled scenarios. In Scenario 1, the heat gain during the day is balanced by
the heat loss at night. In Scenario 2, the nighttime heat loss is smaller as it is partially
offset by the air conditioning heat transfer during the day.

solar flux was calculated at half-hourly intervals for a vertical, south-facing
wall. The emissivity of the wall was chosen as 0.9.

h = (4 + 4v̄) + 4εσ0T̄o
3 (7)

3.1.1. Wall types
Two walls were modelled for this location, with comparatively high and

low thermal masses. The high thermal mass wall was a solid blockwork wall,
with internal plaster and external render, being representative of uninsulated
construction. The low thermal mass wall was made from 20 mm of timber
such as might be found in a shed or outbuilding. Schematics of the walls
are shown in Figure 2; material properties and wall dimensions are given in
Table 2.

3.2. Results and discussion
The static and dynamic analysis was conducted for the two wall types

considered. The first heating condition was a simulation of the case of a well-
sealed building with no air conditioning (nor heating). In this case, a steady-
state (“static”) analysis predicts the same temperature in the timber wall

14



Table 2: Description and properties of timber and solid blockwork walls[41]
Material Conductivity Specific heat

capacity
Density Thickness

used
Wm−1 K−1 J kg−1 K−1 kg m−3 m

Fir 0.14 2720 419 0.02
Plaster 0.52 840 1300 0.0125
Blockwork 0.44 650 1500 0.25
Render 0.79 1000 1322 0.02

Values vary; those for render are quoted for a moisture content of 8%, and
for fir at a moisture content of 20%. Data from Clarke et al[41].

Figure 2: Schematic view of the modelled walls; left: timber wall (for Madrid); centre:
blockwork wall (for Madrid); right: cavity wall (used for Belfast, in Section 4)
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and the blockwork wall: the energy balance, under steady-state conditions,
is that all heat received from the sun is transferred to the surroundings. The
wall’s temperature is determined by the temperature at which heat gains and
losses are in balance.

However, a dynamic analysis of the two walls produces very different
results, and the response of the two walls is shown in Figure 3. When tran-
sient effects are taken into account in the dynamic model, the high mass,
blockwork wall has an obvious and significant moderating influence on the
temperatures. In this case, the energy balance at the outside surface con-
tains three terms: a solar flux received, a heat loss to the air, and a heat flow
into the wall. The substantial heat capacity of the blockwork wall results
in a much lower temperature rise on the inside surface than in the case of
the static analysis (Figures 3 and 4). In qualitative terms, the thermal mass
has a significant effect. The dynamic analysis of the lightweight wooden wall
falls between the extreme of the blockwork wall and the static analysis, ex-
hibiting a slight temperature moderating influence but not nearly as much
as the blockwork wall. The high mass wall provides not only damping, but
also a timeshifting effect on the peak temperatures, and for this specific case
the indoor temperature is almost in antiphase with the outside temperature.
This is of benefit in terms of providing more comfortable indoor temperatures
during the day, and so far, all is as expected.

Examining now the more interesting case of the second scenario, where
air conditioning is employed to cool the interior space to a more comfortable
temperature — such as 299 K (26 ◦C) — during occupied hours. In this
case, the static model no longer predicts a uniform wall temperature through
the wall thickness: instead, it provides the steady-state solution between the
resultant outside wall temperature3 and the indoor temperature, as a function
of the wall’s thermal conductance. Examining the high mass wall first, in
Figure 5 where the interior temperature previously demonstrated something
akin to a sine wave, it now shows a ‘cut-off sine wave’, with nearly flat regions
during the time the air conditioning is operating. Over the course of the week
modelled, this wall would allow a flow of 2.65 MJ/m2 (0.74 kWh/m2) of heat
into the building, heat which would then have to be removed by the air

3The resultant outside wall temperature is higher than the air temperature due to solar
radiation. It is close to but not equal to the sol-air temperature; it would be equal to the
sol-air temperature in the case of a perfectly insulating wall.
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Figure 3: Indoor wall surface temperatures for a timber building and a solid-wall (block-
work) building
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Figure 4: Representation of temperatures within a thermally light and thermally heavy
wall
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Figure 5: Wall surface temperatures for a blockwork wall with air conditioning running
between 11am and 4pm

conditioning system to maintain the set indoor temperature.
A static calculation, ignoring the thermal mass, was also carried out for

this scenario. This is shown in Figure 6. In the static model, the wall is
in quasi-equilibrium; that is to say, steady-state heatflow conditions prevail
at all times within the wall; the end temperatures are not constant, as they
respond to the inside and outside air temperatures, and solar gain. (The
slight aliasing seen in these results in the figure is a result of the half-hourly
resolution in weather data.) When the interior is not cooled, the steady-
state condition is that the inside and outside are at the same temperature
(as shown). During periods of cooling, a temperature gradient exists in the
wall, and there is heat flow through it. Like earlier for the dynamic analysis,
this heat flow represents a cooling load on the building systems.

The inward heat flow in the static model, over the course of the week, is
4.55 MJ/m2. Combined with the value from the dynamic analysis, and using
the definition given in Equation 2, this gives a transient energy ratio of 0.58.
This is significantly less than one: this indicates that this wall type is re-
sponding dynamically to the thermal loading. The degree of departure from
one indicates the divergence between the static and dynamic models, and in
this case suggests that calculations based on a static analysis of the wall —
as would typically be done during design, using wall U-values — would be
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Figure 6: Wall surface temperatures for a static analysis of the blockwork wall, with
air-conditioning running

inaccurate. In this case, the consequences may not be so severe, and as the
energy used will be lower than the naïve static prediction the worst conse-
quence might be an oversizing of building services. On the other hand, if
this effect is not taken into account in an existing building, it could be a sig-
nificant contribution to the rebound effect, leading to poor retrofit decisions.
(See [47] for a discussion of the rebound effect in relation to retrofit.)

Similar analyses were undertaken for the wooden wall, and these results
are presented in Figure 7. The static and dynamic models predict heat
inflows in this case of 9.22 and 8.58 MJ/m2, giving a TER of 0.93. In this
case, the thermal mass of the thin wall is much less significant. Retrofit and
policy decisions made on the basis of static calculations will be more reliable,
although detailed design work might still be advised to take dynamic effects
into account, or else errors of the order of 7% can be expected.

4. Thermal mass in cold climates

In the previous section, the TER was used to quantify the effects of ther-
mal mass for hypothetical structures in a hot climate with high diurnal varia-
tion; turning now to a cold climate, one example of a structure where thermal
mass effects play a large role in indoor comfort is a building with short occu-
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Figure 7: Surface temperatures for a timber wall (dynamic analysis, with air-conditioning
from 11am to 4pm)

pancy hours — for example, weekend holiday homes, or other structures with
very low occupancy. Such structures have been used in the literature as ex-
amples of buildings where thermal mass is a drawback[20]. However, weekend
holiday homes form a very small fraction of the total building stock. As the
same effects may occur with other buildings, more widespread use patterns
are considered here. Take the case of an office building, and assume that the
heating is optimised to minimise energy use whilst maintaining a comfortable
temperature: the heating system turns on at some defined time to provide a
period of preheating before occupied hours, the building is heated during that
time, and then cools during the evening and overnight, to be heated again
the following morning. Although the effect of thermal mass in this case is
not likely to be as dramatic as for a weekend cabin, it is still present, and
can be quantified. Thermal mass effects also occur with domestic buildings:
in cool climates, these are often heated for a short period in the morning and
a longer period in the evening, and are unheated outside occupied hours.

4.1. A cavity wall example
The first example presented here is representative of a typical office build-

ing in a cool maritime climate. The location chosen was Belfast, Northern
Ireland; Belfast has a cool, maritime climate, and the use of central heating
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Table 3: Cavity wall description and properties
Material Thickness Conductivity Heat

capacity
Density Diffusivity

m Wm−1 K−1 J kg−2 K−1 kgm−3 m2 s−1
×106

Plaster 0.0125 0.52 840 1300 1.71
Insulation 0.04 0.055 99 320 1.74
Blockwork 0.1 0.44 650 1500 0.451
Cavity in-
sulation

0.15 0.047 837 96 0.582

Brick 0.102 0.721 796 1920 0.472
Note: for porous materials, it is not always appropriate to use a single value
for these properties; building materials exhibit substantial variation in prop-
erties, and vary with moisture content, etc. In many cases the values above
have been measured for complete building units, and so the use of the quoted
values for the present study is considered valid. Values taken from Clarke et
al[41].

in winter is near-universal. Historical weather data for Belfast was obtained
from the UK Met Office, for the winter period from 1 October 2015 to 22
March 2016. The wall modelled was a cavity wall with parameters typical
of construction in the late 20th century: details of the wall, along with the
material properties, are given in Table 3. The occupancy pattern modelled
was for occupancy between 9am and 5pm (to simplify the analysis, weekends
and holidays were not treated differently). The internal air temperature was
set to 294 K (21 ◦C) during occupied hours, and allowed to float freely in
response to the outside temperature outside this time.

4.1.1. Model details
For this model, it was assumed that the internal temperature was con-

trolled by a perfect controller able to maintain the room at exactly the desired
temperature. In reality, the assumption of a single temperature set point is
not likely to be applicable. In domestic settings, a comparatively wide range
of temperatures can be tolerated by most individuals, and by allowing the
indoor temperature to float a reduction in energy use can be achieved; how-
ever, a single temperature provides a common baseline for comparing wall
types and climates. Outside occupied hours, the internal surface was insu-
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Table 4: Energy used and TER for a sample wallt
Energy used
in the static
model (MJ/m2)

Energy used in
the dynamic
model (MJ/m2)

TER

Cavity wall 15.4 40.9 2.65

lated, so the wall’s temperature fell towards equilibrium with the outside air.
Heat transfer between the wall and the air was modelled as in Equation 7;
the mean wind speed v̄ for the period in question for Belfast was 4.9 m/s
with a mean temperature of 287 K (14 ◦C), giving h = 35.2. Solar gain was
not included, which is a reasonable model of a north-facing or shaded wall.

As for the case of Madrid, static and transient analyses were carried out
for each scenario. The static analysis used the relationship given in Equa-
tion 6, with the mean outside temperature calculated as the mean tempera-
ture during occupied hours for the period of study; the interior temperature
was the setpoint temperature (294 K (21 ◦C)). The transient model used a
similar model to that described in Section 3.1, adjusted in terms of geometry
and boundary conditions to account for the changed conditions.

4.1.2. Results
The raw output from both models (static and dynamic) was an energy

consumption over the model duration. This is the energy, per unit of wall
area, that is required to maintain the setpoint temperature during occupied
hours. For the dynamic model, this was calculated by examining the heat
flow across the internal surface of the wall at each timestep, and integrating
this for the 5 month period in question to give the total heating energy
used. This energy use was converted to an effective U-value using Equation
3. The static U-value (U) was calculated by the conventional method of
summing resistances.4 The TER is the ratio of energy used in the dynamic
case compared to the static case — the energies used, and the TER, are
shown in Table 4. The energy used is expressed in terms of MJ per square
metre of wall area.

The energy consumption in the static model is 15 MJ/m2. This is the
energy that would be required if the wall had zero heat storage capacity.

4A steady-state model was run in the FE model for error checking, with a 0.5% error
when compared to the hand calculation.
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Once thermal mass is taken into account, in the transient model, the en-
ergy consumption increases from 15 to 40 MJ/m2. From Eq. 2, the TER is
equal to 2.65 — in other words, more than twice as much energy is needed
as is predicted by a steady-state analysis. To facilitate comparison between
different scenarios and wall types, these energies can be converted into effec-
tive U-values, as in Equation 3. For this example, U = 0.232 Wm−2 K−1,
which is fairly typical for standard cavity wall construction[9]. However, for
the 5 month period modelled, dividing the heating power by the temper-
ature difference according to Equation 3 gives an effective U-value, Ue, of
0.615 Wm−2 K−1. This is the ‘U-value’ that is actually achieved in practice,
for these climate conditions and this load case. A light wall, with negligible
thermal mass behaviour, would not experience any delay in its response, and
would match the static U-value result (since it would be in a quasi-steady
state at all times). In the case of a wall with thermal mass, extra heat is
needed to heat up the wall at the start of each day. Although this reduces
the amount of heating needed the next day, the net effect is that more heat
is lost overall — and this effect will always dominate[21, 48].

The amount of heat retained overnight can be seen by looking at the
indoor temperatures each morning. On the warmest days, this is around
291 K (18 ◦C); on the coldest, it falls to 288 K (15 ◦C), which is around 15 K
higher than the mean outdoor temperature that week (see Figure 8). This
will reduce the power input needed in the morning, but this is not ‘free heat’
in any sense: it is heat that was provided by the heating system at an earlier
time. In a Belfast winter, the effect of thermal mass is clearly detrimental,
causing substantially increased energy use. The TER quantifies this effect:
the energy use, for a typical office, is more than double that predicted by a
static analysis.

4.2. Analysis of a retrofit to the Passivhaus standard
This model can be expanded to other scenarios, where it may be used to

directly inform design decisions: consider now the case of solid walls used
for domestic construction. While cavity walls are common in new house con-
struction, buildings built before 1950 often have solid walls; and owing to the
longevity of buildings there is substantial interest in improving the thermal
performance of these older buildings[49]. Commonly, retrofits to solid-walled
structures involve the addition of insulating material to the wall, leaving the
original load-bearing structure intact. Insulation may be added internally or
externally; although both may perform equivalently when compared in terms
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Figure 8: Temperature profile for October and November for a cavity wall

of the static U-value achieved post-retrofit, it is possible that a significant dif-
ference exists in terms of dynamic performance. Use of the TER and effective
U-values generates a quantitative answer to the question of optimum insula-
tion location. The study that follows includes three wall types: a solid wall,
comprising plaster, concrete block, and render; and two designs that bring
this wall up to meet the Passivhaus standard U-value of 0.15 Wm−2 K−1:
one with internal insulation and one with external insulation. These two
Passivhaus-standard cases required the addition of 332 mm of insulation to
the inside and outside, respectively. The properties of the insulation were
as in Table 3; the additional complications of vapour barriers, and thermal
bridges, were not included[50]. These walls were modelled under a typical
domestic use pattern, comprising morning and evening heating: 6:30am to
8am, and 5pm to 9:30pm.

4.2.1. Results of retrofit study
Steady-state and transient predictions of the energy use were calculated,

assuming the same conditions in both cases (an indoor temperature of 294 K (21 ◦C)
during occupied hours.) Based on the steady-state calculation, using the U-
values for the walls of 1.62 for the solid wall and 0.15 Wm−2 K−1for the two
Passivhaus-compliant walls, the energy use from October to March would
be 108 MJ/m2 (27.9 kWh/m2) and 9.99 MJ/m2 (2.78 kWh/m2) respectively.
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Table 5: Passivhaus study energy use
Wall Steady-state predic-

tion of energy use
Transient model pre-
diction of energy use

MJ/m2 (kWh/m2) J/m2 (kWh/m2)
Solid wall 107.9 (30.0) 213 (59.3)
Wall with internal in-
sulation

9.99 (2.78) 30.9 (8.57)

Wall with external in-
sulation

9.99 (2.78) 33.7 (9.36)

Not surprisingly, there is a dramatic reduction in the predicted energy use
when insulation is added; since in a steady-state analysis, heat flow is pro-
portional to the U-value, the ratio of the energy used for the bare wall and
the insulated walls is equal to the ratio of the U-values. However, this only
tells half the story; as in the cavity wall example, substantially more en-
ergy is needed when the transient effect of thermal mass is included. As for
the case of the office building, under intermittent occupancy, dramatically
higher energy is required to maintain the indoor temperatures in the case of
a transient model. The energy use for each wall is shown in Table 5.

As can be seen from the results, the plain solid wall uses more than twice
as much energy as would be predicted by a steady-state analysis. While
the insulated walls still perform much better than the uninsulated wall, they
too use more energy than predicted by a steady-state analysis: around 3
times as much. Moreover, there is a 10% penalty in energy consumption
for the external insulation case, as compared to the internal insulation case.
Adding internal insulation reduces the temperature variation in the dense,
high-heat-capacity layers of the wall, and hence reduces the overall energy
losses.

There is a further penalty from having high thermal mass layers connected
directly to the indoor space: the temperature response of the building is
damped. Although this is often touted as a benefit of thermal mass in hot
climates, it is a drawback when active heating is needed — as it is here. The
mean difference between inside and outside temperatures is slightly lower in
the high thermal mass cases, shown in the first column of Table 6. This
difference arises as the lower the thermal mass in direct contact with the
indoor air, the faster the surface temperature of the wall rises (see Figure 9).

The TER for the three walls is shown in Table 6 — this quantifies the
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Figure 9: Indoor temperature, showing asymptotic temperature rise

divergence from steady-state conditions that applies in each case. From these
results, it is possible to calculate the effective U-value Ue (using Equation 3):
this provides a useful comparison between the different wall types. While
the TER measures the impact of thermal mass for each wall, to compare the
different wall types Ue is more useful: for example, although the solid wall
has a lower TER than the two Passivhaus-compliant walls, the latter two
walls still perform better by virtue of their enhanced insulation. Ue takes
account of the overall wall performance. From this table, it is clear that
under transient loading these walls do not perform as a steady-state analysis
suggests. While the static U-value is 0.15 Wm−2 K−1, Ue is around 3 times
this for both insulated walls. The effective U-value of around 0.5 is not only
far in excess of the Passivhaus standards, it is higher than typical minimum
legal requirements for northern European construction[9].

Although both of the insulated walls perform poorly in a transient anal-
ysis, the wall with internal insulation performs substantially better than the
wall with external insulation, with an effective U-value around 20% lower.
In the case of external insulation, the structural section of the wall, with a
large heat capacity, must be brought up to almost the temperature of the
room. This is illustrated in Figure 10, which shows the steady-state temper-
ature as a function of position through the wall: as the blockwork is very
much more conductive than the insulation, external insulation causes the
blocks to reach nearly room temperature; whereas with the insulation on
the inside, the structural elements remain close to the external temperature.
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Figure 10: Temperature profile for the steady-state analysis for the two well-insulated
walls

With insulation on the outside, the high thermal mass in the interior keeps
the temperature during unoccupied hours higher, increasing the overnight
heat loss and the overall energy consumption. This additional heat loss will
always outweigh the gain made at the start of the next heating period.

4.3. Evaluation of the TER for cool winter analysis
These models serve to give insight into the effects of wall type and thermal

mass on overall energy use. The assumptions made are general enough that
results will be substantially similar for any cool maritime winter climate,
for these wall types used for office and domestic buildings. The TER and
effective U-values provide a way to quantify the transient performance of
various wall types; and high thermal mass walls are shown to be a clear
disadvantage under certain conditions.

4.4. Comparison with Experiment
4.4.1. Experimental Background

In order to verify the TER method, a validation exercise was undertaken
using previously published experimental data. The experimental data pre-
sented here is taken from a study by Byrne et. al.[51]. The cited study
involved a measurement of temperatures and heat fluxes in order to measure
the U-value of a house near the north-west coast of Ireland, before and af-
ter a retrofit including cavity insulation. As this was an in-situ study, the

27



Table 6: Passivhaus retrofit study: TER and Ue

Wall Mean tem-
perature
difference
during
occupied
hours

Transient
energy ratio

Effective
U-value

K W/m2

Theoretical no-mass wall 13.5 1 0.15
Solid wall 10.9 2.16 3.50
Wall with internal insulation 12.9 3.07 0.46
Wall with external insulation 13.1 3.72 0.56

measured U-value is the effective U-value by definition: it was calculated by
measuring the heat flux and dividing by the measured temperature difference
across the wall.

Several authors have identified substantial discrepancies between mea-
sured U-values and those predicted by static calculation methods; Byrne et.
al. provide a summary of such work to date in their paper. A similar effect
is shown in their own work, which finds that cavity insulation added to the
house does not bring about the calculated reduction in heat flux through the
wall, although it does substantially reduce it.

There are a number of limitations in using the results presented here to
analyse the experimental work presented in [51]:

• The exact location and date of the experiments was unknown. North-
ern Ireland has a sufficiently uniform climate that the use of data for
Belfast (perhaps 100 km away) is reasonable. Byrne et. al. describe the
weather conditions during the study as typical for October/November
and April/May.

• There was substantial uncertainty in the material properties and con-
struction of the existing wall. Although this data would be needed for
a full simulation, the effective U-value of the wall was measured in its
pre-retrofit state, allowing a useful comparison between the before and
after cases.

• The walls were insulated using pumped cavity insulation, leading to
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uncertainty in the exact thickness and uniformity achieved. Byrne et.
al. estimated the amount of insulation added, and the authors of the
present study have accepted this value.

• The house in the experiment was unoccupied, but it was monitored for
a heat up period of 3 days and a heated period of 4 days. This is an
occupied:total time ratio of 0.43, whereas the TER was calculated as-
suming 9-5 heating every day (a ratio of 0.33). This slightly affects the
TER, but given the other uncertainties the additional error introduced
is not substantial.

Although an ideal experiment might eliminate these uncertainties, in
many ways they are typical of the uncertainties facing a real retrofit project,
where original construction details and material properties are subject to
significant variability.

4.4.2. Results
For this comparison, the TER result from Table 4 is used. The TER for

a particular cavity wall in Belfast was found to be 2.65, and for a solid wall
it was 2.16 (Table 6). A value of 2.65 is assumed here, for the cavity wall in
the experimental house.

Byrne et. al. found an R-value for the house in the pre-retrofit case of
0.372, which corresponds to Ue = 2.69 Wm−2 K−1(as U = 1

R
). Using the

relationship given in Equation 8 with a TER of 2.65 gives a static U-value
for this wall of 1.01 Wm−2 K−1. This is a reasonable value for an uninsulated
cavity wall of this era — see Table 7.

TER =
Ue

U
(8)

Taking U = 1.01 as found above, an estimate of the static and effective
U-values can be made for the post-retrofit case. This requires a knowledge of
the thickness and properties of the insulation added. Byrne et. al. give a value
of 3.125 m2K/W for the increase in thermal resistance during the retrofit,
based on the certified properties of the insulation used. Adding this to the
R-value for the uninsulated wall gives a static U-value of 0.243 Wm−2 K−1.
This latter figure is typical of the target values for new construction or mod-
ifications specified in many national standards in Northern Europe.

Applying the TER found for a cavity wall, 2.65, results in a reduced
performance for the wall in the post-retrofit case, with Ue = 0.64 Wm−2 K−1.
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Table 7: Assumed wall construction for the experimental house in [51]
Wall Conductivity[52] Thickness

Wm−1 K−1 mm
Render 1.5 20
Concrete 1.5 250
Internal insulating board 0.05 40
Plaster 1.5 20
Total static U-value 1.01 Wm−2 K−1

Experimentally, the heat flux and temperature measurements give an R-value
of 1.60. This corresponds to a measured Ue of 0.62 Wm−2 K−1.

The very close agreement between the calculated and measured values is
promising. It suggests that thermal mass does indeed play a large role in the
failure of retrofits to live up to predicted performance. Other factors, such
as moisture ingress, cracks, extra wall ties and unseen thermal bridges will
no doubt play a significant role in many structures. Given the assumptions
made regarding the construction of the house in the experiment, it is difficult
to put a precise figure on the uncertainty associated with the values of U and
Ue; but the results are nevertheless suggestive that this method has real
value.

5. Conclusions and evaluation

High thermal mass is often presented as a desirable feature of buildings
and structures. Indeed, in many cases discussion of thermal mass takes prece-
dence over discussion of insulation performance. Unfortunately, the effects
of thermal mass are very poorly quantified in the existing literature. The
transient energy ratio provides a way to quantify the effects of thermal mass,
distinct from the insulating effect of greater wall thickness and lower con-
ductivity. The experimental application shows that the method can provide
useful, quantitatively accurate results much more readily than a full building
simulation, and crucially, it provides a degree of insight that more compli-
cated methods do not. It is also robust, and gives meaningful results when
applied to an old structure during retrofit. Such a structure would be very
difficult to model in a high-fidelity building simulation with any accuracy
owing to the substantial lack of knowledge regarding the precise materials
and construction details in an old building. In this respect, the TER method
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has significant potential.
In terms of analysis for new-build structures, the results for a hot climate

with large diurnal temperature variations and intermittent occupancy show
that substantial reductions in energy use are possible, which is in agreement
with accepted results regarding thermal mass. However, for cold climates
where heating rather than cooling is the predominant concern, this analysis
shows that thermal mass can often be a drawback, and the drive towards high
thermal mass structures in such regions warrants much further study before
it is universally applied. Thermal mass can be considered in conjunction
with heating strategies providing higher amounts of preheating/precooling,
but unless the energy source is time-dependent or variable-efficiency (such
as solar heating) such a strategy will always be sub-optimal. The use of the
effective U-value to quantify the dynamic performance of walls is a useful
way to quantify the penalty imposed by thermal mass when intermittent
occupancy is considered; the scenarios presented here show that static U-
values alone do not provide an adequate description. As the two heavily-
insulated examples show, the ordering of layers within a wall, is of crucial
importance. The same conclusions apply to both new-build construction
and retrofit, and for cold climates it will, generally speaking, be preferable to
provide insulation on the inside of high thermal mass structural layers, rather
than on the outside. More generally, for the equivalent overall conductivity,
a design goal in cold climates ought to be a reduction in thermal mass, rather
than an increase in it.

This study has looked at the heat flows only, and makes no allowance for
the method of heating or cooling. Where other factors are at play (such as,
for example, interseasonal heat storage warmed by the sun in summer, and
providing heat in winter), then the conclusions may be different. The results
presented here do, however, stretch beyond those of the particular occupancy
patterns and wall types considered. The authors carried out similar analyses
for a range of locations, occupancy patterns and wall types, with broadly
similar results; and the method is applicable, in principle, to any type of
construction to provide a quantitative analysis of the effects of thermal mass
on energy use.
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A. Details of the Finite Element Model

A.1. Solving the Heat Equation
The paper presents finite element models constructed in Abaqus CAE

6.12-2; the techniques and methods presented in this paper would work
equally well with other programs, or indeed other numerical methods. The
model domain comprises a unit square in area, with the thickness for each
calculation determined by the particular wall typology. Material thermal
properties are as given in the body of this article; surface emissivities are
taken as 0.9 for all materials. The authors chose a three dimensional model
as they plan to extend the same method to analysis of more detailed wall
sections; the heat flow in these analyses was one dimensional, and this was
correctly represented by the FE model, with out-of-plane heat fluxes every-
where less than 10−10 W/m2 (the very slight departure from the analytical
case being caused by rounding errors, and being much less than that caused
by anisotropy in any real wall).

The finite element method is used in this paper to find a solution to the
heat equation, with no internal heat generation:

∂T

∂t
= α∇2T (A1)

With no heat generation, the energy equation reduces to Equation A2[53]:∫
V

ρ
∂u

∂t
dV =

∫
S

q dS (A2)

Combining A1 and A2, the variational form becomes[54]:∫
V

ρ
∂u

∂t
δT dV +

∫
V

∂(δT )

∂r
.k.
∂T

∂r
dV =

∫
S

δTq dS (A3)

The discrete weak formulation of Equation A3 is obtained via the Galerkin
method. Abaqus implements the backward difference algorithm to generate
the discrete time formulation from the continuous time statement in A3,
which is solved via the modified Newtonian method[54].

All boundaries not normal to the x axis have ∂T
∂y

= ∂T
∂z

= 0. The
other boundaries (i.e. internal and external faces) have either an insulating
boundary represented by a homogeneous Neumann condition, or a convective
boundary condition, with the heat transfer coefficient as described. The sink
temperature on each face is piecewise linear, with tabular values correspond-
ing to the external weather data or the prescribed internal temperature.
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A.2. Run Time, Mesh Density and Timesteps
A mesh sensitivity analysis was carried out to check that the mesh size

was not going to cause any unwanted artefacts or inaccuracies. A model of
an insulated wall between two concrete slabs was modelled using a 40 mm,
20 mm and 7 mm spacing. The wall comprised a 120 mm concrete slab,
120 mm of insulation, and an 80 mm facing slab. The three different mesh
densities produced almost identical results: Figure A1 shows the temperature
profile through the wall at the centre of the model, for each mesh density, and
Figure A2 shows sections through the wall, at the same timestep, for each
mesh. Both figures show negligible difference between the results at each
mesh density. The steady-state results for these meshes were very similar
to the temperature profile predicted by a hand calculation. This all sug-
gests that the finite element model, with these mesh densities, is performing
adequately.

The computation time for these models was generally quite low, in com-
parison to many more elaborate finite element simulations. The running time
on a computer with 8 Gb of RAM, using an Intel Xeon E5 processor running
at 2.8 GHz, was of the order of a few tens of seconds for the week-long simu-
lations for Madrid, and a few minutes for the longer simulations of the wall
in Belfast. With these run times, further optimisation of the mesh density
and timestep intervals was not required. Consequently, a 7 mm mesh was
deemed to be adequate.

For the simulations presented in this article, the mean mesh density over
the whole domain was around a 7 mm spacing; a greater density was used
in thinner wall sections or those with a high conductivity, where the tem-
perature gradients were steepest. In the case of the lightweight timber wall,
which was only 20 mm thick, the mesh denstiy was increased on a uniform
1 mm spacing to capture the steeper temperature gradients accurately.
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Figure A1: Temperature profile at three mesh spacings

Figure A2: Section through the trial wall at three different mesh spacings
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