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A B S T R A C T   

Depleted hydrocarbon reservoirs are a promising target for CO2 sequestration. Injection of cold CO2 into such geological reservoirs will cause thermal stresses and 
strains in wellbore casings, cement seals and surrounding rock, which may lead to the creation of unwanted pathways for seepage. Joule-Thomson effects could 
potentially produce freezing conditions. The design of CO2 injector wells must be able to cope with these thermal loads. While numerical modelling can be used to 
develop our understanding and assess the impact of thermal processes on wellbore integrity, such analyses require reliable input data for material properties, such as 
those of the cement seals. This critical review provides an overview of existing lab measurements and theoretical considerations to help constrain the thermal 
behaviour of Portland cement under relevant subsurface conditions. Special attention is given to the i) thermal conductivity, ii) specific heat capacity, and iii) 
coefficient of thermal expansion. Influences on these properties of factors such as a) temperature, b) pressure, c) mixing water-to-cement ratio, d) extent of hydration, 
e) porosity, and f) pore fluid saturation are discussed. Our review has shown that lab datasets obtained under relevant downhole conditions are limited, constraining 
the input for numerical assessment of wellbore cement integrity.   

1. Introduction 

Carbon Capture and Storage (CCS) is widely seen as imperative for 
achieving climate goals, because CCS could enable a quick reduction of 
CO2 emissions related to fossil fuel use, allowing society to meet its 
energy demand while transitioning to sustainable energy sources (Linda 
and Singh, 2021; Mikunda et al., 2021; Procesi et al., 2013; Szulczewski 
et al., 2012). For CCS to be an effective mitigative measure, however, 
large volumes of CO2 must be captured and then sequestered long-term. 
Injection into underground rock formations such as depleted hydrocar
bon reservoirs is viewed as a technologically advanced and attractive 
option, since such reservoirs could provide the storage capacity required 
(Bachu, 2008; Belfroid et al., 2021; Godec et al., 2011; Hepple and 
Benson, 2005; Sanchez Fernandez et al., 2016). The success of geological 
sequestration will hinge on our ability to hold the CO2 within the 
intended storage complex. In this context, seepage along wells is widely 
recognized as one of the main containment risks (Carey, 2013; Gasda 
et al., 2004; Schimmel et al., 2019; Wolterbeek et al., 2021b; Zhang and 
Bachu, 2011). 

Wells are indispensable for CCS, providing entry for CO2 injection 
into the reservoir situated at depth. Yet, in so doing wells also penetrate 
and disrupt the hydraulic seals naturally provided by caprocks overlying 
the storage formation, creating potential seepage pathways (Dusseault 

et al., 2000; Gasda et al., 2004; Kiran et al., 2017; Zhang and Bachu, 
2011). Safeguarding zonal isolation integrity, i.e., preventing unsolic
ited flow along the wellbore trajectory, therefore is a key aspect of well 
design. Sealant materials must be able to withstand the pressures and 
temperatures at depth (Moghadam et al., 2021; Nelson and Guillot, 
2006; Wolterbeek et al., 2021a), chemical conditions presented by CO2 
and resident formation fluids (Carey, 2013; Choi et al., 2013; Jahan
bakhsh et al., 2021; Wolterbeek et al., 2019, 2016b, 2013; Wolterbeek 
and Raoof, 2018), and mechanical loads resulting from injection or 
other well operations, as well as tectonic forces (Bois et al., 2018, 2013; 
Dou et al., 2020; Gu et al., 2017; Hangx et al., 2015; Lecampion et al., 
2013; Orlic, 2009; Thiercelin et al., 1997; Wolterbeek et al., 2016a). 
Conventional well designs rely on steel pipe and Portland cement to 
provide mechanical strength and hydraulic sealing. If the cement gets 
damaged this can impair zonal isolation integrity. 

Thermal stresses and associated damage are a well-known source of 
failure in cement sheaths, particularly if they get subjected to thermal 
cycling, i.e., recurrent changes in temperature (Albawi, 2013; De 
Andrade et al., 2015; Heathman and Beck, 2006; Ichim and Teodoriu, 
2017; Roy et al., 2018, 2016; Vrålstad et al., 2015). Being able to 
withstand thermal loads is especially relevant for CCS injection wells, 
because the CO2 will usually be much colder than the downhole envi
ronment into which it is injected. For efficiency, captured CO2 is 

* Corresponding author 
E-mail address: Tim.Wolterbeek@shell.com (T.K.T. Wolterbeek).  

Contents lists available at ScienceDirect 

International Journal of Greenhouse Gas Control 
journal homepage: www.elsevier.com/locate/ijggc 

https://doi.org/10.1016/j.ijggc.2023.103909 
Received 6 December 2022; Received in revised form 1 May 2023; Accepted 9 May 2023   

mailto:Tim.Wolterbeek@shell.com
www.sciencedirect.com/science/journal/17505836
https://www.elsevier.com/locate/ijggc
https://doi.org/10.1016/j.ijggc.2023.103909
https://doi.org/10.1016/j.ijggc.2023.103909
https://doi.org/10.1016/j.ijggc.2023.103909
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2023.103909&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Greenhouse Gas Control 126 (2023) 103909

2

preferentially transported in dense phase. This involves pressures of >7 
MPa, while supply temperatures typically range 2-10◦C and 15-25◦C for 
offshore and onshore pipeline transport, respectively (Acevedo and 
Chopra, 2017; Lindeberg, 2011). By contrast, most subsurface forma
tions are much warmer (e.g., the initial storage temperature at the 
Snøhvit CCS project site was 95◦C at 2.6 km depth – Hansen et al., 2013; 
Ringrose, 2020). In general, potential reservoirs situated at 2-5 km depth 
will have temperatures of 60-150◦C, assuming a typical geothermal 
gradient of 30◦C km-1. Given this large temperature contrast, 
steady-state CO2 injection will invariably result in progressive cooldown 
of the near-wellbore region. Conversely, interruptions of injection (e.g., 
during well servicing or shut-ins) may allow the well temperature to rise 
again, as heat gets supplied from rock in the wider surroundings. 

Additional thermal effects are expected for CO2 storage into depleted 
hydrocarbon reservoirs (Hamza et al., 2021; Hoteit et al., 2019). Re
sidual pressures after production are typically subhydrostatic and often 
substantially lower than the intended CO2 supply pressure during sub
sequent CCS activities (Samuel and Mahgerefteh, 2019). Under such 
low-pressure reservoir conditions, unimpeded inflow down the well 
could result in rapid, quasi-adiabatic expansion of the CO2 into its vapor 
phase, with associated Joule-Thomson (J-T) effects that may produce 
large temperature drops along the wellbore (Acevedo and Chopra, 2017; 
Mathias et al., 2010; Moradi et al., 2020; Oldenburg, 2007). Theoreti
cally, very low temperatures can be reached: cooling down to –78.5◦C 
for isenthalpic expansion to atmospheric pressure (McCollom, 2011). 
For injection into ultra-depleted formations with residual pressures of 
only 1-2 MPa, temperatures down to –20◦C are not inconceivable. 
Careful CCS injection well design can help avoid excessive J-T effects 
during normal operations, e.g., by installing slimmer tubing that creates 
sufficient backpressure to prevent CO2 from reaching vapor phase con
ditions inside the well (so-called “reverse velocity string” techniques; 
Acevedo and Chopra, 2017). Nevertheless, in the highly unlikely event 
of a CO2 blowout, the casings and cement may get subjected to signifi
cant cooling and possibly even freezing conditions. In case of a large 
pressure drop persisting over a prolonged period of time, even small 
leaks may locally induce considerable J-T cooling. 

These changes in well temperature can result in thermal strains and 
associated stresses in the steel casings, cement sheaths, and surrounding 
rock formations (Bois et al., 2018, 2013; Roy et al., 2018). Strong 
thermal contraction of the casing upon cooling may induce debonding 
and create microannuli along the cement interface (Dou et al., 2020; 
Huan et al., 2021; Moghadam et al., 2021; Roy et al., 2018). Repeated 
temperature variations due to intermittent injection could lead to fa
tigue and reduced fracture-resistance of the cement sheaths (Heathman 
and Beck, 2006; Nygaard et al., 2014). Numerical models are developed 
to better understand and assess the impact of such processes on zonal 
isolation integrity (Asamoto et al., 2013; Nygaard et al., 2014; Roy et al., 
2018). However, while critical input for such modelling analyses, the 
thermal properties of Portland-based wellbore cements remain chal
lenging to constrain, with only sparse and scattered experimental data 
available, especially for the elevated pressures expected downhole. 

This study provides a critical review of available lab measurements 
and theoretical considerations, to help constrain the thermal properties 
of Portland cement for numerical modelling of wellbore behaviour 
under specific CO2 injection scenarios. Reviewed cement properties 
include the i) thermal conductivity, ii) specific heat capacity, and iii) 
coefficient of thermal expansion. We will show that the test conditions 
during measurement must be considered carefully to determine whether 
cement lab data are representative for downhole behaviour and hence 
suitable for numerical analysis of wellbore integrity or not. 

2. Scope and limitations of this review 

The mechanical, thermal, and transport properties of set wellbore 
cement are key input parameters for quantitative analysis of zonal 
isolation integrity. The results of numerical simulations are usually 

found to depend strongly on the properties and material models 
assumed for the cement seals (Dou et al., 2020; Lecampion et al., 2011; 
Nygaard et al., 2014; ter Heege et al., 2015; Wise et al., 2020). In this 
context, this review aims to define relevant parameter ranges for the 
thermal properties. Our primary focus will be on API Class G and H 
cement, which are nowadays by far the most commonly used in well 
cementing (Nelson and Guillot, 2006; Nelson and Michaux, 2006). 
Given their relevance for older wells, further distinctions between 
(legacy) types of oil well cement will be made insofar as possible on the 
basis of existing data (Table 1). To help constrain cement behaviour 
under specific downhole conditions, the influences of factors such as i) 
temperature, ii) pressure, iii) mixing water-to-cement mass (w:c) ratio, 
iv) extent of hydration, v) porosity, and vi) degree of pore fluid satu
ration will be discussed in some detail. Given the plethora of different 
cementing additives, extenders, and fillers in current or historic use, 
however, it is impractical and therefore beyond the scope of this review 
to comprehensively cover effects of admixtures on the thermal proper
ties of wellbore cement. While additives are touched upon in specific 
cases, the discussions below will be largely restricted to the behaviour of 
neat cement pastes. 

3. Thermal conductivity 

3.1. Basic definitions 

Thermal conduction is the process of energy transfer between hotter 
and colder regions of a material due to vibrations and collisions of its 
constituent particles (e.g., atoms, free electrons). Heat transfer in set 
wellbore cement occurs primarily through thermal conduction, possibly 
aided by minor thermal expansion-driven advection of the capillary pore 
fluid phase (Section 5). Nevertheless, the rate of flow of heat in cement 
can usually be described in terms of Fourier’s law: 

q = − λ∇T (1) 

Here, q [W m-2] denotes the heat flux, ∇T [K m-1] is the temperature 
gradient, and λ [W m-1 K-1] is the thermal conductivity of the cement. 
Note λ can be anisotropic and may vary with temperature and other 
environmental parameters. In absence of internal heat sources (e.g., 
after cessation of hydration reactions), the rate of change in tempera
ture, ∂T/∂t [K s-1], will be proportional to the rate of change in internal 
heat energy per unit volume of cement, ∂Q/∂t [W m-3 s− 1] (Carslaw and 

Table 1 
Overview of the main types of Portland-based wellbore cements  

classification typical anhydrous composition [wt.%] nominal w:c 
[-] 

API ASTM C3S 
(alite) 

C2S 
(belite) 

C3A C4AF  

Class A CEM I 45 27 11 8 0.46 
Class B CEM II 44 31 5 13 0.46 
Class C CEM III 53 19 11 9 0.56 
Class D  28 49 4 12 0.38 
Class E  38 43 4 9 0.38 
Class 

G* 
Nominal 
II 

50 30 5 12 0.44 

Class 
H* 

Nominal 
II 

50 30 5 12 0.38 

Typical anhydrous compositions and nominal mixing water-to-cement mass 
ratios (w:c) for API classified cements. Data obtained from Nelson and Michaux 
(2006). For the calculations performed in CemGEMS (Section 4.3.1), listed 
compositions were renormalized to yield C3S + C2S + C3A + C4AF = 100%. 
Composition is indicated using cement chemistry notation, where C = CaO, S =
SiO2, A = Al2O3, F = Fe2O3 (Taylor, 1992). *For Class G and H cement, API 
recognizes ‘moderate’ and ‘high’ sulphate-resistant grades (denoted MSR and 
HSR, respectively – API Specification 10A/ISO 10426-1). Nominally, MSR 
grades correspond with ASTM Type II cement, whereas HSR grades can 
approach ASTM Type V cement compositions. 
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Jaeger, 1947): 

∂Q
∂t

= ρcp
∂T
∂t

(2) 

Here, ρ [kg m-3] and cp [J kg-1 K-1] are the density and specific heat 
capacity (Section 4), respectively. Now considering flow of heat into and 
out of a small reference volume of cement, application of conservation of 
energy yields (Carslaw and Jaeger, 1947): 

ρcp
∂T
∂t

+∇⋅q = 0 (3) 

Here, ∇⋅q [W m-3] is the divergence of the heat flux. For a homo
geneous, isotropic solid having a thermal conductivity independent of 
temperature, Equation 3 can be simplified to (Carslaw and Jaeger, 
1947): 

∂T
∂t

=
λ

ρcp
∇⋅∇T = a∇2T (4) 

Here, λ [W m-1 K-1] is the isotropic thermal conductivity, ∇2T [K m-2] 
is the Laplacian of the temperature (or, equivalently, the divergence of 
the temperature gradient) and a [m2 s-1] is the thermal diffusivity. In the 

reviewed literature, cement heat transfer properties are variably re
ported in terms of either thermal conductivity or thermal diffusivity. 

3.2. Experimental thermal conductivity data available in the literature 

Various lab techniques are employed to measure the thermal con
ductivity (λ) of cements (Asadi et al., 2018), including steady state and 
transient plane source methods (Baghban et al., 2013; Bentz, 2007; He, 
2005; Cuello Jimenez et al., 2017; Log and Gustafsson, 1995), line 
source heater methods (García et al., 1989; Kim and Oh, 2019), and laser 
flash methods (Xu and Chung, 2000a, 2000b). While different in 
detailed analysis and sample geometry, most lab methods have in 
common that they involve the imposition of some temperature differ
ence across a cement sample, followed by monitoring of its response 
(either in terms of temperature evolution or heat flow) to derive the 
thermal properties. It should be noted that such heating can cause sig
nificant loss of evaporable water from the cement sample, especially in 
measurements at higher temperature, because the experiments are 
typically conducted at ambient pressure and room humidity (Cuello 
Jimenez et al., 2017). Though seemingly common in lab tests, such 
strong drying effects are unlikely to occur under downhole conditions. 

Figure 1. Selected thermal conductivity data for different classes of neat cement, plotted as function of a) density, b) water-to-cement mass ratio, c) degree of pore 
fluid saturation and d) temperature. Data include ASTM CEM I 42.5 R cement (squares – Baghban et al., 2013) and ASTM CEM I cement (diamonds – Kim and Oh, 
2019; Kim et al., 2017), both of which may be regarded as proxies for API Class A cement (Table 1), as well as API Class G cement (triangles – Song et al., 2019), and 
API Class H cement (circles – Cuello Jimenez et al., 2017; Santoyo et al., 2001). Also plotted are data for ASTM Type V cement (crosses – Kim et al., 2003). Note that 
in some studies the highest water-to-cement ratio slurries were stabilized using viscosifier additives. For most data, the degree of pore fluid saturation was un
constrained during measurement (data plotted in white in Figures 1a, 1b and 1d) or the samples were dried prior to testing (black data in Figures 1a, 1b and 1d). 
Under downhole pressure, the porosity is likely saturated with aqueous fluid (limited available data for confirmed water-saturated samples is plotted in blue). 
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At the elevated pressures encountered at depth, water present in the 
cement capillary porosity will not evaporate but remain in a liquid state 
upon heating. Unfortunately, very few studies have considered the de
gree of pore fluid saturation in their samples, whereas many of the 
reviewed lab datasets appear to include notable drying-out effects 
(Figure 1). Experimentally obtained λ for wellbore cement should 
therefore be considered with caution. This is especially important for 
assessing the impact of downhole temperature on cement thermal con
ductivity, as will be highlighted below. 

3.2.1. Effect of cement pore fluid saturation 
Figure 1a-d shows λ for different neat cements as a function of 

density, mixing water-to-cement mass (w:c) ratio, degree of pore fluid 
saturation, and temperature, respectively. The data include ASTM CEM 
I 42.5 R cement at 23◦C (squares – Baghban et al., 2013), ASTM CEM I 
cement at 22◦C (diamonds – Kim and Oh, 2019; Kim et al., 2017), ASTM 
Type V cement at 20-60◦C (crosses – Kim et al., 2003), API Class H 
cement at 40 to 83◦C (circles – Cuello Jimenez et al., 2017; Santoyo 
et al., 2001), and API Class G cement at 60 to 120◦C (triangles – Song 
et al., 2019). Though not specified in the publications explicitly, it seems 
reasonable to assume all data were collected at ambient pressure. Only a 
few studies provide quantitative constraints on the degree of pore fluid 
saturation in their samples (Baghban et al., 2013; Kim and Oh, 2019; 
Kim et al., 2017). In Figure 1a-b, data plotted in blue correspond to 
(nearly) water-saturated cement (93.8-98.2% saturated; Baghban et al., 
2013), while data plotted in black represent samples that were first dried 
to constant mass at 105◦C (Baghban et al., 2013; Kim et al., 2017), a 
procedure in which virtually all evaporable water is removed (Taylor, 
1992). A third set of samples with intermediate saturations is plotted in 
white (10.4-21.7% saturated; Baghban et al., 2013). Figure 1c shows λ as 
a function of pore fluid saturation degree for CEM I cement (w:c-ratio 
indicated in grey scale). Because of the stark contrast between the 
thermal conductivities of water (0.6 W m-1 K-1 at 20◦C, 0.1 MPa) and air 
(0.025 W m-1 K-1 at 20◦C, 0.1 MPa), any loss of pore fluid saturation (e. 
g., samples drying out) has a profound impact on λ. In general, the 
effective thermal conductivity of cementitious materials diminishes 
markedly with decreasing moisture content (Figure 1c; Asadi et al., 
2018; Mnahoncakova et al., 2006). Note that cement presumably re
mains close to saturated under the pressures encountered downhole 
(Badino, 2010), rendering the λ obtained for dried cement samples 
inappropriate for bulk cement behaviour under typical wellbore 
conditions. 

3.2.2. Effects of cement type and mixing water-to-cement mass ratio 
Note ASTM CEM I cements are considered equivalent to API Class A 

cement (Table 1), presumably rendering the λ values representative as 
well (Figure 1). Cuello Jimenez et al. (2017) provide λ for Class H 
cement at 40 to 83◦C. Their samples were either oven dried at 65.6◦C or 
left “wetted”, but pore fluid saturation was not controlled, nor moni
tored, and partial drying is likely (W. Cuello Jimenez, pers. comm., April 
2023). Assuming dried and partially saturated conditions for the two 
sets of samples, respectively, they are correspondingly plotted in black 
and white (circles, Figure 1a-b). Similarly, Song et al. (2019) provide 
λ-data for API Class G cement (triangles, Figure 1). Kim et al. (2003) 
report λ for “wet” and “dried” samples of ASTM Type V cement (similar 
to HSR grades of Class G and H cement) as function of w:c ratio 
(Figure 1b, showing data for 20◦C) and temperature (Figure 1d, showing 
data for w:c ratio = 0.4). Kim et al. (2003) also performed a reference 
experiment on “wet” ASTM CEM I cement (w:c ratio = 0.4), yielding a λ 
of 1.15 W m-1 K-1 at 20◦C, which is close to the values they obtained for 
ASTM CEM V cement under the same conditions (1.16 W m-1 K-1). Yoon 
et al. (2014) report a relatively high λ of 1.28 W m-1 K-1 at 20◦C for ASTM 
CEM III cement mixed at a w:c ratio of 0.4 and cured in water for 28 
days. 

Based on the data in Figure 1, the following overall trends can be 
observed: i) the thermal conductivity of water-saturated CEM I cement 

(on the order of ~1 W m-1 K-1) is approximately double that of dried 
CEM I cement at 23◦C, ii) for all classes of cement, the thermal con
ductivity increases with increasing density or, equivalently, decreasing 
mixing water-to-cement mass (w:c) ratio, iii) for dried samples, different 
types of cement generally show roughly similar λ (e.g., see alignment of 
black data points in Figure 1b), though CEM III and V cements may have 
relatively higher conductivity based on limited data. Overall, it should 
be noted that the impact of degree of pore fluid saturation on λ tends to 
exceed effects due to cement type or mixing w:c-ratios over the ranges 
investigated. 

3.2.3. Variation with temperature in experiments 
A limited number of studies has considered the temperature depen

dence of cement thermal conductivity. Santoyo et al. (2001) measured 
the λ of neat API Class H cement (w:c = 0.38) and five other cement 
formulations as a function of temperature over the range 28–200◦C, 
without confirming the pore fluid saturation. They found that the 
thermal conductivity of API Class H cement (presumably dried samples) 
remained essentially constant with temperature (Figure 1d). Cuello 
Jimenez et al. (2017) conducted tests on API Class H cement at tem
peratures of 40 to 83◦C, but reported only averaged values for λ over this 
range. Song et al. (2019) reported measurements on API Class G cement 
at 60◦C, 90◦C and 120◦C (triangles – Figure 1), where they observed a 
decrease in λ from 0.82 to 0.60 W m-1 K-1 with increasing temperature. 
However, whether this effect is representative for Class G cement under 
downhole pressures and saturation degrees is questionable. Since Song 
et al. (2019) performed measurements at ambient pressure and room 
humidity, the observed decrease in λ with increasing temperature might 
also be explained wholly in terms of loss of evaporable porewater from 
the cement matrix. The saturation state of the 60◦C and 90◦C samples is 
difficult to constrain (hence plotted in white in Figure 1), but it is not 
unreasonable to assume that the 120◦C sample suffered significant 
drying effects, since 120◦C exceeds both the boiling point of water at 
ambient pressure and commonly employed sample drying-technique 
temperatures (e.g., 105◦C; Taylor, 1992). Note that the λ at 120◦C 
indeed agrees well with the main trends seen for oven-dried cement 
samples (black triangle – Figure 1b), while the gradual decrease from 
60◦C to 120◦C could be interpreted as a result of progressive porewater 
loss (compare Figures 1b and 1d). Kim et al. (2003) reported experi
ments on ASTM Type V cement at 20-60◦C (Figure 1d). Their “dry” 
samples also show little change with temperature, while their “wet” 
samples show a modest decrease like that observed by Song et al. (2019). 
Principally, it should be possible to avoid drying effects and porewater 
loss by pressurizing the samples during measurement. Unfortunately, 
the authors were unable to find any experimental data obtained at 
elevated pressure in their survey of the literature. Based on dried cement 
data alone, the variation in λ with temperature is expected to be minor. 
However, note that the hydrated cement chemistry changes significantly 
with temperature, which will potentially cause discontinuities, e.g., 
above 110◦C (Section 5.3.4). 

3.3. Model estimations of thermal conductivity 

While the thermal conductivity of wellbore cement is traditionally 
determined experimentally (Nelson and Guillot, 2006), developments in 
numerical methods and model-based evaluation of the thermal con
ductivity of cementitious materials provide potentially interesting al
ternatives. Specifically, advances in molecular-dynamics simulation of 
the atomic structure of some major constituents of Portland cement, 
such as jennite and tobermorite-based structural endmembers for the 
calcium silicate hydrate (C-S-H) gel phase, enabled first-principles 
computation of their microscale properties (Fan and Yang, 2018; 
Hong et al., 2020; Qomi et al., 2015; Sarkar and Mitra, 2021). Upscaling 
to macroscopic thermal properties of cement paste is subsequently 
achieved using composite models and mean-field homogenization the
ory, such as the Mori-Tanaka scheme (Qomi et al., 2015; Sarkar and 

T.K.T. Wolterbeek and S.J.T. Hangx                                                                                                                                                                                                       



International Journal of Greenhouse Gas Control 126 (2023) 103909

5

Mitra, 2021). Other formulations include parallel and series models, 
Hashin-Shtrikman bounds (Baghban et al., 2018, 2013; Hashin and 
Shtrikman, 1962), Reuss-Voight-Hill average-based models (Breuer 
et al., 2020), Russell and Frey models, and coherent potential models 
(see Hong et al., 2020 for a comparative analysis of mixing models). 

3.3.1. Effect of porosity 
Sarkar and Mitra (2021) provide estimates for the effective mean 

(volumetric) thermal conductivity of jennite (1.007 W m-1 K-1) and 
various forms of tobermorite (1.470-4.510 W m-1 K-1) based on 
molecular-dynamics simulations. Similarly, Hong et al. (2020) report 
1.141 ± 0.026 W m-1 K-1 for jennite, and Qomi et al. (2015) report 
values of 0.98 ± 0.2 W m-1 K-1 for jennite and tobermorite, and 1.32 ±
0.2 W m-1 K-1 for portlandite. Based on jennite and tobermorite data, 
Sarkar and Mitra (2021) further calculate thermal conductivities for 
high- and low-density forms of nanoporous C-S-H gel, yielding λ of 1.311 
W m-1 K-1 and 0.988 W m-1 K-1, respectively. Taking an average 
composition with 29% nanoporosity, they report 1.177 W m-1 K-1 as 
typical λ for the C-S-H gel phase in Portland-based cements and addi
tionally provide estimates for cements that also contain macroporosity 
(Sarkar and Mitra, 2021). It matters significantly whether these mac
ropores contains water or air. For cement with water-filled macro
porosities of 2.3%, 7.56% and 16.5% (i.e., total porosities of 30.7% to 
40.8%, including the C-S-H gel nanoporosity), Sarkar and Mitra (2021) 
calculate λ of 1.161 W m-1 K-1, 1.125 W m-1 K-1 and 1.065 W m-1 K-1, 
respectively. These results show fair agreement with experimental data 
for water saturated cement (Figure 2). Yet, linear least squares extrap
olation of the model data towards 100% porosity (grey dashed line) 
suggests that a typographical error in Table 5 of Sarkar and Mitra 
(2021), where the λ of water is listed as 0.519 W m-1 K-1 instead of 0.591 
W m-1 K-1, also affected their calculations. Taking into account this issue, 
a linear approximation of the form λ [W m− 1 K− 1] = 1.4 − 0.8φ (black 
dashed line), where φ [-] is the total porosity, seems to cover both the 
experimental and Sarkar and Mitra-model data reasonably well. 
Conversely, the C-S-H paste model of Qomi et al. (2015; dotted line in 
Figure 2) substantially underestimates λ compared to available experi
mental data. Also plotted are λ-values for water saturated porous jennite 
(Hong et al., 2020; solid line in Figure 2). Since the other constituents of 
hydrated Portland cement, such as tobermorite and portlandite, tend to 
have higher thermal conductivities (Breuer et al., 2020; Qomi et al., 

2015; Sarkar and Mitra, 2021), this jennite model could perhaps serve as 
lower-bound estimate for water saturated neat Portland-based wellbore 
cements (Figure 2). 

3.3.2. Temperature dependence in models 
Recalling the challenge of evaluating how λ varies with temperature 

in experiments (Section 3.2.3), let us now consider some single-phase 
measurements and composite modelling results pertaining to tempera
ture dependence. Figure 3 shows the thermal conductivity of water at 
various pressures (Lemmon et al., 2021) and λ for a number of cement 
constituent phases, namely portlandite (Breuer et al., 2020) and jennite 
(Hong et al., 2020). Over the range –30◦C to 30◦C, the thermal con
ductivity of jennite decreases slightly with increasing temperature, from 
1.18 W m-1 K-1 to 1.14 W m-1 K-1, while from 30◦C to 300◦C λ increases to 
~1.24 W m-1 K-1. Depending on pressure, the thermal conductivity of 
water tends to increase with increasing temperature over the range 0◦C 
to 120–170◦C (Lemmon et al., 2021), though it should be noted that the 
properties of cement pore fluid may differ significantly from bulk liquid 
water due to the nanoscale confining environment provided by C-S-H gel 
porosity (Qomi et al., 2015; Valenza II and Scherer, 2005). Nevertheless, 
cement thermal conductivity calculations based on jennite-tobermorite 
structural models, like those of Sarkar and Mitra (2021) or Hong 
et al. (2020), predict fairly stable to slightly increasing cement λ-values 
with increasing temperature. By contrast, Breuer et al. (2020) found that 
the thermal conductivity of portlandite [Ca(OH)2] decreases with 
increasing temperature in lab experiments on synthetic single crystals. 
Since portlandite is a relatively minor phase and given the large spread 
in available data (for example, Qomi et al. (2015) calculated an λ of only 
1.32 ± 0.2 W m-1 K-1 at room temperature), it is difficult to assess the 
impact of portlandite on the overall cement thermal conductivity. 

3.4. Impact of cementing additives 

While providing a comprehensive overview on the effects of 
cementing additives is beyond the scope of this review, it is interesting 
to note that the thermal conductivity of wellbore cement can be 
augmented in the slurry stage. Depending on what is desired of the set 
cement, one can introduce insulating or conductive additive materials. 
Most research in this direction to date has been focused on cement 

Figure 2. Thermal conductivity of water saturated cement as a function of total 
porosity (i.e., the sum of gel/nano-, meso-, and capillary/macro-porosity). Data 
include experimental λ for ASTM CEM I cement at room temperature (Baghban 
et al., 2013; Kim et al., 2017) and calculated λ based on molecular dynamics 
simulation and mean-field homogenization theory for C-S-H pastes (Qomi et al., 
2015; Sarkar and Mitra, 2021) and porous jennite (Hong et al., 2020). 

Figure 3. Thermal conductivity as function of temperature for water and two 
key constituents of Portland cement. Data for jennite is based on molecular- 
dynamics simulations, plotting λ of the non-porous structure (Hong et al., 
2020). Data for portlandite is obtained in lab measurements on synthetic single 
crystals, plotting the Voigt-Reuss-Hill average of thermal conductivity in 
orthogonal crystallographic directions (Breuer et al., 2020). Data for water and 
water ice are from the NIST Standard Reference Database 69 (Lemmon et al., 
2021) and Engineering Toolbox (2004), respectively. 
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formulations for geothermal energy production wells. Song et al. (2019) 
showed that the addition of conductive materials like graphite, iron, or 
copper powder (5-20% bwoc) can increase cement thermal conductivity 
(though an associated increase in the hardened cement porosity was 
found to decrease the effectiveness of adding high concentrations of 
graphite). Similarly, Wang et al. (2020) modified the thermal conduc
tivity of cement by adding natural graphic flakes. They reported in
creases in the λ of dried samples of up to 156% but noted that these 
samples also showed reduced compressive strength. Cuello Jimenez 
et al. (2017) found that adding 20% bwoc of insulating elastomer par
ticles (having a λ of ~0.23 W m-1 K-1) can lower the effective thermal 
conductivity of wellbore cement, particularly in cement systems of 
higher overall density. Santoyo et al. (2001) considered the thermal 
conductivity of Class H cement containing silica flour, expanded perlite, 
and bentonite. Xu and Chung (2000a) created cement pastes with a high 
thermal conductivity and specific heat capacity using silane. As with the 
λ measurements on plain cement, note many datasets on 
additive-enhanced cements include unrepresentative effects due to 
drying of lab samples. Asadi et al. (2018) provide a recent review on the 
effects of additives and aggregate phases on the thermal conductivity of 
mortars and concrete. 

4. Specific heat capacity 

4.1. Basic definitions 

The specific heat capacity of a material, c [J kg-1 K-1], is a measure for 
the amount of heat energy that needs to be supplied to a unit mass of the 
material to achieve a unit increase in its temperature: 

c =
1
ρ

∂Q
∂T

(5) 

Here, Q [J m-3] is the internal heat energy per unit volume, ρ [kg m-3] 
is the density and T [K] is the temperature. Note the specific heat ca
pacity can vary substantially with pressure and temperature, such that c 
= c(p, T). Aside from raising its temperature, supplying heat to a ma
terial usually also causes an increase in its volume or stress state, 
depending on the boundary conditions under which heat is supplied. 
The specific heat capacity at constant pressure, cp(p, T) [J kg-1 K-1], is 
usually higher than that at constant volume, cV(p,T) [J kg-1 K-1], because 
at constant pressure part of the supplied heat is used to perform work (i. 
e., increase volume through thermal expansion), rather than raise the 
temperature of the material further. This difference between cp and cV , 
often expressed as the heat capacity ratio, γ = cp/cV [-], is quite notable 
in gasses, but generally much less so in solids like cement. Nevertheless, 
it can be a useful distinction, relating the volumetric coefficient of 
thermal expansion (αV [K-1], Section 5) and isothermal bulk modulus (K 
[Pa]) via (e.g., Qomi et al., 2015): 

cp − cV =
TKα2

V

ρ (6)  

4.2. Experimental specific heat capacity data available in the literature 

Lab methods used for measuring the specific heat capacity of ce
ments are generally similar to traditional calorimetry techniques. For 
example, the specific heat capacity can be determined from the tem
perature rise in a calorimeter measured in response to a prescribed en
ergy input. If the temperature response of the empty calorimeter is 
known (e.g., by performing a reference measurement), the specific heat 
capacity of a cement sample can be derived as follows (e.g., De Schutter 
and Taerwe, 1995): 

c =
1

ms

(
Es

ΔTs
−

Er

ΔTr

)

(7) 

Here, c [J kg-1 K-1] is the specific heat capacity of the cement, ms [kg] 

is the mass of the sample, Es and Er [J] are the amounts of energy sup
plied during the sample measurement and the reference test without 
sample, respectively, while ΔTs and ΔTr [K] are the corresponding 
temperature changes recorded. Measurement requires the calorimeter is 
well-insulated and has a low thermal mass, in order to minimize heat 
loss (Bentz, 2007; De Schutter and Taerwe, 1995). In such tests, energy 
input is usually achieved by supplying a current over a known electrical 
resistance. For experiments on early-age cement pastes, the impact of 
exothermic hydration reactions occurring during measurement should 
be considered, e.g., by adjusting measured step changes in temperature 
via back-extrapolation of longer-term trends (De Schutter and Taerwe, 
1995). Alternatively, lab testing could involve non-steady state heat 
flow measurements (Yoon et al., 2014) or measurement of differences in 
the amounts of heat required to increase the temperature of a sample 
and a known reference, such as in differential scanning calorimetry 
techniques. Note data obtained using methods in which the cement 
samples are allowed to gain or lose water during measurement may 
suffer significant energetic contributions from evaporation or conden
sation of porewater. 

For practical reasons, experiments are usually performed at constant 
pressure, where the sample is allowed to expand or contract freely 
during measurement (i.e., c = cp in Equation 7). All experiments 
reviewed here were performed at atmospheric pressure. As with thermal 
conductivity data (Section 3.2), measurements of cement specific heat 
capacity should be considered carefully. Aside from uncertainty in how 
much porewater is present in the cement, heat capacity measurements 
may be affected by phase changes in the pore fluid (i.e., heat of evap
oration or condensation) occurring as temperature is varied in the ex
periments. Rather than RH alone, ideally the water content of the 
cement should be quantified throughout measurement to account for 
drying and experimental artefacts. We were unable to locate data per
taining directly to API classified Portland cement formulations, but the 
trends for ASTM cements discussed below are considered representative. 

4.2.1. Effect of degree of hydration 
The specific heat capacity of neat cement ranges from about 900 to 

2000 J kg-1 K-1, depending on moisture content, and cp generally de
creases with progressive hydration, i.e., as the cement sets (Figure 4a). 
This decrease with extent of hydration is usually interpreted in terms of 
a conversion of free liquid water, which has a relatively high cp (4186 J 
kg-1 K-1 at 23◦C), into porewater that is chemically and physically bound 
within the C-S-H gel structure (Bentz, 2007; De Schutter and Taerwe, 
1995). Bentz (2007) qualitatively compares the heat capacity of this 
porewater phase with that of water ice, noting the unusually high spe
cific heat capacity of bulk liquid water can be attributed to energy 
consumed in bending and breaking of mobile hydrogen bonds. In 
molecular-dynamics simulations, Qomi et al. (2015) indeed showed that 
the confining environment provided by the C-S-H gel phase nano
porosity decreases the apparent heat capacity of water by a factor of 
four. In experiments, the specific heat capacity of a fully hydrated, 
saturated cement can be up to 20% lower than that of its fresh paste 
counterpart (De Schutter and Taerwe, 1995). In the field, such effects 
will occur largely in the first days to weeks after placement. Bentz 
(2007) showed that chemical shrinkage and self-desiccation during 
hydration of sealed cement samples produce a more pronounced 
decrease in cp compared to hydration under water-saturated conditions 
(Figure 4a). Measurements on dried and re-saturated cement samples 
suggest this additional decrease may be (partially) recovered (Kim and 
Oh, 2019). Over longer timescales at downhole pressure, most wellbore 
cements will probably remain water-saturated or eventually get 
re-saturated after set. 

4.2.2. Effects of pore fluid saturation and mixing water-to-cement ratio 
Moisture content has a profound impact on the thermal properties of 

cementitious materials (Kim and Oh, 2019; Kim et al., 2017). The 
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specific heat capacity of neat cement pastes tends to increase linearly 
with increasing degree of pore fluid saturation (Figure 4b). Compared to 
their fully saturated counterpart samples, dried cement shows 15-38% 
lower cp-values, where this difference is largest for lower density, higher 
porosity slurries (Figure 4c-d). For neat ASTM CEM I cement (equivalent 
to API Class A cement, Table 1), the cp of water-saturated samples de
creases from ~1700 to ~1200 J kg-1 K-1 with increasing density or, 
equivalently, as water-to-cement mass ratio is lowered from 0.5 to 0.3. 
Note that this increasing trend in cp with increasing mixing w:c-ratio is 
the most pronounced under water saturated conditions but does occur in 
the (partially) dried samples as well. 

4.2.3. Effects of cement type and additives 
Figure 4 shows data for various types of neat cement, including 

ASTM CEM I cement at 22◦C (diamonds – Kim and Oh, 2019; Kim et al., 
2017), NIST CCRL Cement Proficiency Sample 152 at 23◦C (squares and 
circles – Bentz, 2007) and ASTM CEM III/C 32.5 cement at 20◦C (tri
angles – De Schutter and Taerwe, 1995). CEM I and CEM III cement can 
be considered comparable to API Class A and C cement, respectively 
(Table 1). Based on the limited experimental data available, the cp of 
API Class C cement might be slightly higher than that of API Class A 

cement. Note these cements have different w:c-ratios, which could also 
explain the observed variation. More data would be needed before firm 
conclusions can be drawn with respect to the impact of cement type, but 
a preliminary analysis using thermodynamic models suggest the effect 
will be fairly minor (see Section 4.3.1 below). Note the foregoing con
cerns neat cements only, as cp could possibly be augmented using ad
ditive materials with suitable volumetric heat capacity properties. 

4.3. Estimation of specific heat capacity using thermodynamic models 

When the mineralogical composition and porosity of fully set cement 
are known, its isobaric specific heat capacity, cp [J kg-1 K-1], can be 
estimated using a rule of mixtures and specific heat capacity data 
available for its constituent phases (Choktaweekarn et al., 2009; Qomi 
et al., 2015; Wadsö et al., 2012): 

cp =
∑n

i=1
micp,i (8) 

Here, cp,i [J kg-1 K-1] and mi [-] are specific heat capacities and mass 
fractions, respectively, of n different components that comprise the solid 
cement and pore fluid phase. Matschei et al. (2007) and Lothenbach 

Figure 4. Selected specific heat capacity data for different classes of neat cement, plotted as a function of a) extent of hydration, b) degree of pore fluid saturation, c) 
density and d) mixing water-to-cement mass ratio (w:c). Plotted data include ASTM CEM I cement (diamonds – Kim and Oh, 2019; Kim et al., 2017), ASTM CEM 
III/C 32.5 cement (triangles – De Schutter and Taerwe, 1995) and NIST CCRL cement proficiency sample 152 (squares and circles – Bentz, 2007). Data plotted in blue 
pertain to water-saturated samples, while data in black represent dried cement. Samples of unknown saturation are plotted in white. In Figure 4b, grey scale indicates 
mixing water-to-cement mass ratio. In Figure 4d, the error bars indicate variation with extent of hydration (as shown in Figure 4a) for CCRL 152 and CEM III/C 
32.5 cement. 
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et al. (2008) provide standard molar thermodynamic properties for a 
wide range of Portland cement phases (P = 0.1 MPa, T = 298.15 K). 
These reference data can also be used to calculate specific heat capac
ities at higher temperatures (Anderson and Crerar, 1993; Lothenbach 
et al., 2008): 

cp,i(T) =
1
ui

(
β0,i + β1,iT + β2,iT

− 2 + β3,iT
− 0.5) (9) 

Here, T [K] is temperature in Kelvin, ui [kg mol− 1] is the molar mass 
of component i, and βj,i (j = 0, 1, 2, 3) are empirical coefficients that 
have been tabulated for various cement compounds (Cemdata07; 
Lothenbach et al., 2008; Matschei et al., 2007). A recent version of this 
thermodynamic database, covering temperatures of 0 to 99◦C and 
pressures of 0.1 to 10 MPa, has been made available via a web appli
cation called CemGEMS (Cemdata18; Kulik et al., 2021). 

4.3.1. Example calculations for neat API Classification cements 
Given the scarcity of experimental data on the heat capacity of set 

cements of API classified compositions, we have estimated their cp using 
the CemGEMS application (Kulik et al., 2021). To this end, we per
formed a number of simulations using typical clinker compositions and 
nominal mixing water-to-cement mass (w:c) ratios for the different API 
classes (Table 1) as listed by Nelson and Michaux (2006). CemGEMS was 
run in Minimal mode, assuming complete hydration, while varying 
temperature and pressure. In a second set of simulation runs, the tem
perature and pressure were fixed at 25◦C and 10 MPa, while varying the 
slurry mixing w:c-ratio for each class. Figure 5a shows CemGEMS results 
for the specific heat capacity of API Class A, C, E and G cement, mixed to 
their nominal w:c-ratios, as a function of temperature at 10 MPa. The 
effect of pressure was investigated and found insignificant in the Cem
GEMS simulations (not shown). All API cements display a modest in
crease in specific heat capacity with increasing temperature. At their 
nominal mixing w:c-ratios, the cp of API Class A and G cement are 
comparable (~1500 J kg-1 K-1), whereas those of Class C and E cement 
appear higher and lower, respectively. When a wider range of w:c-ratios 
is considered, however, this variation is clearly attributable to differ
ences in the nominal w:c-ratio of the different API classes (Table 1, 
Figure 5b), rather than differences in their clinker composition. Note the 
CemGEMS simulations yield cp-values ranging 1200–1800 J kg-1 K-1 for 
w:c-ratios ranging from 0.3 to 0.6, which is in good agreement with lab 

data for saturated CEM I cement (blue diamonds – Figure 5b). 

5. Thermal expansion behaviour 

5.1. Basic definitions 

Most materials tend to change their dimensions (shape, volume or 
density) when subjected to a change in temperature. Excluding changes 
resulting from phase transitions, this tendency is referred to as thermal 
expansion. Raising the temperature of a substance increases the average 
kinetic energy of its constituent atoms, causing them to move and 
vibrate more vigorously. Usually, this leads to an increase in the average 
interatomic distance, such that most materials expand when heated and 
contract when cooled. Dimensional change with temperature is often 
described in terms of a relative volume change: 

αV =

(
∂eV

∂T

)

σ
=

1
V

(
∂V
∂T

)

σ
(10) 

Here, αV [K-1] is the volumetric coefficient of thermal expansion, eV 

[-] is the volumetric strain, V [m3] is the volume of material, and T [K] is 
temperature, while the subscript σ indicates thermal expansion is 
assumed to occur at constant stress (e.g., confining pressure). Similarly, 
a linear coefficient of thermal expansion, αL [K-1], can be defined: 

αL =

(
∂eL

∂T

)

σ
=

1
L

(
∂L
∂T

)

σ
(11) 

Here, eL [-] denotes linear strain and L [m] represents some length 
dimension of the material. For isotropic materials undergoing small 
strains and temperature changes, αV ≈ 3αL. In anisotropic materials, αL 

will have tensor properties, e.g., differ with crystallographic direction. 
Note α may vary with temperature and stress state. When the thermal 
expansion properties of adjacent materials are dissimilar, change in 
temperature can induce thermal stresses. This is particularly relevant for 
wells, where mismatches between the thermal strain responses of the 
steel casings, cement sheaths, and surrounding rock could lead to the 
generation of microannuli and other defects. 

5.2. Thermal expansion and contraction in cementitious materials 

The thermal expansion behaviour of low permeability, porous 

Figure 5. Specific heat capacity of water-saturated API classified neat cement compositions as a function of a) temperature and b) mixing water-to-cement mass 
ratio. Data were obtained from simulations run at 10 MPa pressure using the CemGEMS application (Kulik et al., 2021). Figure 5a shows cp with temperature for API 
Class A, C, E and G cements, mixed at their nominal neat w:c-ratios (Table 1). Figure 5b shows cp at 25◦C as a function of w:c-ratio for API Class A, C, E, and G cement. 
Note the simulation results for different classes largely collapse into a single curve, demonstrating that the pattern in Figure 5a is caused by different nominal mixing 
w:c-ratios (indicated using yellow triangles) rather than by differences in clinker composition (Table 1). For comparison, lab measurements on water-saturated CEM I 
cement are plotted in blue (Kim and Oh, 2019; Kim et al., 2017). 
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materials such as cement is more complex than can be readily captured 
using the basic definitions above. Cement also exhibits a delayed 
response to changes in temperature, caused by mass transfer of water 
inside the cement (Bažant, 1970; Helmuth, 1961; Powers, 1958; Sell
evold and Bjøntegaard, 2006). Among others, the thermal response of 
cement depends on i) the initial degree of pore fluid saturation, ii) pore 
fluid drainage conditions, and iii) the rate of heating or cooling (Bažant, 
1970; Grasley and Lange, 2007; Helmuth, 1961; Meyers, 1951). Bažant 
(1970) provides a thermodynamic analysis of cement thermal expansion 
behaviour, considering various aspects related to redistribution of in
ternal moisture. These effects include i) true thermal expansion of the 
solid skeleton of the cement matrix, ii) strains induced by chemical 
potential differences in the gel- and capillary-porewater and associated 
fluid transport, and iii) changes in relative humidity in any unsaturated 
capillary pore space (cf. Sellevold and Bjøntegaard, 2006). Since the 
coefficient of thermal expansion of aqueous fluids is much larger than 
that of the solid skeleton of the cement matrix, the effective volumetric 
response to heating will typically be a combination of true thermal 
expansion of the porous structure, and additional strain due to thermal 
pressurization of the pore fluid (Valenza II and Scherer, 2005). The latter 
effect dissipates over time, as flow redistributes the fluid and relieves the 
excess pore pressure (Bažant, 1970; Helmuth, 1961). Conversely, sud
den cooling can lead to rapid contraction of the set cement, followed by 
a more gradual expansion as internal water gets redistributed or pore
water is drawn in from the surroundings. For both cases, the rate of 
time-dependent deformation will depend on the cement matrix perme
ability and the proximity of a pore fluid sink or supply, i.e., the length 
scales over which pressure diffusion can take place (Ai et al., 2001; 
Bažant, 1970; Sellevold and Bjøntegaard, 2006). 

Given the significant role of the pore fluid phase in the thermal 
behaviour of porous media, it is important to define the degree of pore 
fluid saturation and drainage conditions under which the coefficient of 
thermal expansion is evaluated in experiments. With respect to the 
latter, usually two endmember cases are identified, namely fully drained 
and fully undrained conditions. Under fully drained conditions, the pore 
fluid pressure is constant throughout heating-cooling. This corresponds 
to scenarios where the rate of temperature change is slow enough for 
pore fluid pressure changes to be effectively dissipated through in- or 
outflow of pore fluid. The coefficient of drained thermal expansion, αd 
[K-1], is defined as (Ghabezloo, 2010): 

αd =
1
V

(
∂V
∂T

)

σ,pf

(12) 

Conversely, under fully undrained conditions, the heating-cooling 
process occurs at constant pore fluid mass (i.e., zero in- or outflow of 
pore fluid). In such scenarios, differences in thermal expansion of the 
pore fluid and solid skeleton can generate changes in pore fluid pressure 
plus associated deformation. The coefficient of undrained thermal 
expansion, αu [K-1], is defined as (Ghabezloo, 2010): 

αu =
1
V

(
∂V
∂T

)

σ,mf

(13)  

where mf [kg] denotes the mass of pore fluid in the cement. Undrained 
conditions occur when the thermal diffusivity exceeds pressure diffu
sivity, e.g., upon the relatively fast heating-cooling of low permeability 
materials, such that pore fluid pressure differences cannot be dissipated 
via flow. 

The volumetric coefficients of thermal expansion under drained and 
undrained conditions can be related using thermo-poroelastic properties 
of the cement (Ghabezloo, 2010): 

αu = αd + φ0B
(
αf − αφ

)
(14) 

Here, φ0 [-] is the reference porosity, B [-] is Skempton’s coefficient 
B, defined as the ratio of pore fluid pressure change over confining 
pressure change under undrained conditions (Skempton, 1954), and αf 

and αφ [K-1] are the volumetric coefficients of drained thermal expan
sion of the pore fluid phase and the pore void volume, respectively 
(Ghabezloo, 2010; Ghabezloo et al., 2009). 

5.3. Experimental thermal expansion data available in the literature 

The amount of data available on thermal expansion of wellbore ce
ments is relatively limited. Experiments to determine the coefficient of 
thermal expansion typically involve physical measurement of dimen
sional change (i.e., length or volume of a sample) in response to an 
imposed temperature change (Ghabezloo et al., 2009; Helmuth, 1961). 
In the following, we first discuss results from tests conducted under at
mospheric pressure, considering trends with degree of pore fluid satu
ration, porosity, mixing water-to-cement mass ratio, slurry density, and 
temperature. Subsequently, we will discuss sparse measurement data on 
cement thermal expansion under elevated pressures. In the following, all 
thermal expansion data will be presented in terms of volumetric co
efficients, assuming αV ≈ 3αL for the conversion of any results originally 
reported as linear coefficients. For strains, expansions and elongations 
are denoted positive. 

5.3.1. Thermal response of submerged, water-saturated cement at ambient 
pressure 

Among experiments conducted at atmospheric pressure, those on 
water-saturated, submerged cement samples are probably the most 
representative for wellbore conditions. Helmuth (1961) extensively 
studied the thermal expansion behaviour of neat ASTM CEM I cement 
15754 (comparable to API Class A), prepared using mixing 
water-cement mass ratios of 0.43 to 0.61, and cured at 23◦C. The mea
surements were performed on initially water-saturated samples sub
merged in kerosine, by varying the temperature between 0-25◦C, using 
ramps of 15-30◦C h-1, while monitoring sample length. Selected data of 
Helmuth (1961) have been reproduced in Figure 6. Under cooling and 
heating at 15◦C h-1 without interruption (i.e., temperature versus time 
plots as a triangular wave), the specimens’ strain response shows hys
teresis loops. The hysteresis is more pronounced at lower 
water-to-cement mass ratios (Figure 6a-b) but does not vary much with 
pre-equilibration temperature (compare light and dark grey curves in 
Figure 6a). Calculating the local slope of the strain-temperature curves 
yields apparent coefficients of thermal expansion that show markedly 
higher dynamic values (due to lag between the imposed temperature 
change and volumetric response) but bottom out around ~3 × 10-5 K-1 

(Figure 6c). In another experiment, Helmuth (1961) subjected cement 
(w:c ratio = 0.55) to thermal cycles incorporating hold periods, during 
which the sample was maintained under isothermal conditions 
(Figure 6d). Note that the thermal response includes recovery during 
subsequent holds, while the strain “overshoot” at the end of an imposed 
ramp increases with faster temperature change rate (compare first and 
second cycle in Figure 6e). The dashed blue curve in Figure 6d connects 
the initial and thermally equilibrated strain states, yielding an apparent 
volumetric coefficient of 3.84 × 10-5 K-1, which has been used to 
construct the corresponding blue curves in Figure 6e-f. Overall, the data 
show that thermal pressurization and the delayed response due to mass 
transfer of cement porewater tend to increase instantaneous strains and 
the local slope of strain-temperature data (Figure 6f). 

5.3.2. Thermal response of cement under relative humidity at ambient 
pressure 

The majority of experimental results obtained at atmospheric pres
sure involve samples equilibrated with air of a specific relative humidity 
(RH) (Meyers, 1951; Powers, 1958; Sabri and Illston, 1982; Wittmann 
and Lukas, 1974). While slight deviations from saturation may arise 
from changes in dissolved salt content of the pore fluid (e.g., Raoult’s 
law), or from surface tension and capillary effects (e.g., Kelvin equa
tion), significantly lowered RH conditions are unlikely to occur in 
wellbore cement, given the usual availability of water and quasi-closed 
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system conditions at depth (Badino, 2010). Nevertheless, results ob
tained at relatively high RH (say >85%) can show relevant trends, while 
those obtained at lower RH, though not directly applicable to downhole 
situations, may still be useful for comparative purposes. 

5.3.2.1. Effects of relative humidity. Meyers (1951) studied the thermal 
expansion behaviour of neat ASTM CEM I cement as a function of RH 
and internal state of moisture. Theye found that α is low at low RH, 
increases with intermediate RH, and then decreases again, reaching a 
minimum at 100% RH or water-saturated conditions (Figure 7a). This 
effect at intermediate saturations is observed in a wide range of 
cementitious compounds (Mitchell, 1953; Powers, 1958; Sabri and Ill
ston, 1982) and has been attributed to hygrothermal strain and internal 
RH change (Bažant, 1970; Sellevold and Bjøntegaard, 2006). Meyers 
(1951) noted variation in α with RH diminishes with increasing age of 
the cement. They further found variation with RH decreased with lower 
C-S-H phase content, suggesting factors such as gel nanostructure or 
pore size are important. It should be noted here that changes in RH at 
constant temperature also produce considerable volume changes in 
cement due to surface stress effects (Hansen, 1987). According to an 
analysis by Sellevold and Bjøntegaard (2006), strains associated with 
temperature change-induced variations in RH could largely explain the 
increased α observed at intermediate saturations. 

5.3.2.2. Effects of cement composition. Mitchell (1953) determined co
efficients of thermal expansion for a wide range of cement compositions 
in terms of C3S, C2S, C3A, and C4AF content [wt.%]. The RH-effect is 
qualitatively similar to that found by Meyers (1951) for ASTM CEM I 
cement (Figure 7a). Plotting αV as function of cement clinker composi
tion reveals a weak trend with C3A content (Figure 7e), but the 

variations remain small compared to other factors such as transient ef
fects (compare Figure 6f). It should be noted, however, that Mitchell 
(1953) prepared his samples at water-to-cement mass ratios of 
0.25-0.35, i.e., values lower than typical for wellbore cement (Table 1). 
Shui et al. (2010) report thermal expansion data for P.O. 42.5 Portland 
cement with various mineral additives. Their cement was cured under 
RH >95% and 20◦C for 28 days. Their tests were performed in air with 
controlled RH of >85%, heating specimens to 85◦C while monitoring 
length change. They found the maximum recorded coefficient of thermal 
expansion increased with increasing portlandite content of the hydrated 
cement (see Table 4 of Shui et al., 2010). These results are shown in 
Figure 7f, together with the volumetric coefficient of thermal expansion 
of pure portlandite as calculated from thermodynamic data (Qomi et al., 
2015). 

5.3.3. Effects of slurry density, porosity, and mixing water-to-cement mass 
ratio 

Cuello Jimenez et al. (2017) performed measurements on API Class 
H cements prepared using water-to-cement mass ratios ranging 
0.26-0.69, corresponding to slurry densities between 2190 and 1680 kg 
m-3. They also preformed tests on foamed cements, extending their 
investigated density range down to 1140 kg m-3. The tests were per
formed using an Anter Unitherm Model 1101 dilatometer, increasing the 
temperature from 25◦C to 100◦C at 12◦C h-1, while measuring change in 
sample length, subsequently calculating averaged αL for the explored 
range from the slope of thermal strain versus temperature. Cuello 
Jimenez et al. (2017) do not specify the degree of pore fluid saturation 
during the thermal expansion measurements in their paper, and there
fore the data are plotted in white (Figure 8). The linear coefficients re
ported by Cuello Jimenez et al. (2017) fall in the range of 4.3 × 10-6 to 
1.1 × 10-5 K-1, corresponding to volumetric coefficients of 2.3-5.6 × 10-5 

Figure 6. Thermal response of water-saturated ASTM CEM I cement cured at 23◦C (Helmuth, 1961), with a-b) linear strain versus temperature during cycles of 
cooling and heating at 15◦C h-1 for samples with water-to-cement mass ratios of a) 0.43 and b) 0.61, with c) corresponding apparent volumetric coefficients of 
thermal expansion; d-e) strain-temperature and strain-time data for cement (w:c ratio of 0.55) subjected to two thermal cycles that incorporate isothermal periods, 
showing the delayed response and transient behaviour during the isothermal periods. Blue dashed curves in d-e) connect equilibrated strains at the ends of isothermal 
periods, yielding an apparent volumetric coefficient of thermal expansion of 3.84 × 10-5 K-1; f) corresponding volumetric coefficients based on local slope of the 
measured strain-temperature data. Note plot e) was reconstructed using data from Figure 7 and Table 2 of Helmuth (1961). 
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K-1 (assuming αV ≈ 3αL). These values are similar to those reported my 
Meyers (1951) and Mitchell (1953) for water-saturated cement. Inter
estingly, this contrasts with the λ data of Cuello Jimenez et al. (2017), 
which showed indications of drying during measurement (see Section 
3.2.2). Enquiry about this confirmed that the samples used for thermal 

expansion testing were near-saturated at the start and enclosed in glass 
cells during measurement, making drying-effects less likely here than in 
the λ measurements (W. Cuello Jimenez, pers. comm., April 2023). In 
any case, the data of Cuello Jimenez et al. (2017) demonstrate 
decreasing trends in α with decreasing density (Figure 8a) and 

Figure 7. Volumetric coefficients of thermal expansion of Portland-based cement as function of a) relative humidity, b) C3S mass fraction in the clinker, c) C2S mass 
fraction in the clinker, d) C3A mass fraction in the clinker, e) C4AF mass fraction in the clinker, and f) Portlandite mass fraction in the hydrated cement. Data plotted 
in blue represent water-saturated conditions, those plotted in white intermediate saturations. Plots include experimental data from Meyers (1951), Mitchell (1953) 
and Shui et al. (2010), and model simulation results from Qomi et al. (2015). 

Figure 8. Volumetric coefficients of thermal expansion for ASTM CEM I cement (squares) and API Class H cement (neat as circles, foamed as triangles), as functions 
of a) slurry density and b) water-to-cement mass ratio. Plot includes data from Meyers (1951), Mitchell (1953), Loiseau (2014) and Cuello Jimenez et al. (2017). Data 
for water-saturated samples plotted in blue, partially saturated cement shown in white and grey. Note that, although the data of Cuello Jimenez et al. (2017) are 
plotted in white on basis of the information available in the publication (degree of saturation unknown), their samples were likely close to fully saturated (W. Cuello 
Jimenez, pers. comm., April 2023), i.e., conditions similar to data plotted In blue. 
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increasing w:c ratio (Figure 8b). Shui et al. (2010) report trends with 
porosity, where the differences between samples are related to mineral 
admixtures. They observed decreasing α with increasing porosity due to 
addition of fly ash and ground blast furnace slag, while porosity increase 
associated with addition of silica flour resulted in increased thermal 
expansion (see Figure 4 of Shui et al., 2010). 

It should be noted that these decreasing trends with increasing 
porosity and water-to-cement mass mixing ratio are quite curious. Based 
on thermo-poroelastic theory, both the drained and undrained co
efficients of thermal expansion of porous media normally increase with 
increasing porosity (Ghabezloo, 2010). The observed trends may 
represent artefacts related to drainage, e.g., possibly the more porous 
samples are easier to drain, or could reflect some microstructural or 
chemical changes particular to Portland cement, e.g., changes in the 
C-S-H gel pore size distribution. In any case, this atypical behaviour is 
generally not seen in porous media (Ghabezloo, 2010). 

5.3.4. Thermal response in measurements performed at elevated pressure 
Thus far we considered data obtained at ambient pressure. Mean

while, wellbore cements will generally be subjected to elevated pressure 
conditions downhole. Ghabezloo et al. (2009) studied the thermal 
expansion behaviour of API Class G cement, prepared using a 
water-to-cement mass ratio of 0.44, at elevated pressure under both 
drained and undrained conditions. The drained experiment was per
formed under a confining pressure of 1.5 MPa and a constant pore fluid 
pressure of 1.0 MPa, heating the cement sample from 18◦C to 87◦C at a 
rate of 4.8◦C h-1, evaluating the drained coefficient of thermal expansion 
as the slope of volumetric strain with temperature, yielding a αd of 6 ×
10-5 K-1 (Figure 9). Note this value is significantly higher than typical 
experimental results obtained at ambient pressure (compare Figure 6-8). 

The undrained experiment was performed under 19 MPa confining 
pressure, allowing the cement sample to equilibrate at confinement for 
two days before initiating thermal testing in order to minimize the 
impact of compaction creep processes. After stabilization, temperature 
was increased at 6◦C h-1 while monitoring pore fluid pressure and bulk 
volumetric strain. During the heating stage, the thermal response of the 
cement sample was characterized by a αu of 9.6 × 10-5 K-1 and a thermal 
pressurization coefficient of 0.62 MPa K-1 (Ghabezloo et al., 2009). Note 
these values are valid only up to 54◦C, at which point the pore fluid 
pressure started to approach the confining pressure, causing deviating 
behaviour. During the cooling stage, the volume-temperature curve 

gradually steepened until a slope of αu = 1.2 × 10-4 K-1 was attained 
(Figure 9a). Final volumetric strain showed ~5 × 10-4 net compaction 
and a 1.7 MPa increase in pore fluid pressure. Similar to the hysteresis 
effects observed at ambient pressure, thermal cycling under elevated 
pressures leads to pore fluid pressure gradients, which increase the 
apparent thermal response. Note, however, that the background coef
ficient values increase with pressure (compare Figure 6f with 9b). 

5.3.5. Effects of elevated and low temperatures 
The coefficient of thermal expansion of most materials varies with 

temperature. For Portland cement this temperature dependence must be 
evaluated with the utmost care. Measurement artefacts may arise from 
many factors, e.g., due to changes in relative humidity during testing at 
ambient pressure, or from thermal pressurization of the pore fluid phase 
during testing at elevated pressure. More importantly, however, pro
found changes in Portland cement chemistry occur with temperature, 
such that exposure of set cement to large temperature sweeps or changes 
can result in phase instabilities. A well-known example is so-called 
“strength retrogression” at temperatures above about 110◦C, which is 
believed to be caused by recrystallization of the C-S-H gel phase (Reddy 
et al., 2016; Zhu, 2019). While cement systems can be designed for 
application at elevated temperatures (e.g., ground quartz silica is usually 
added to formulations deployed above 100◦C to help prevent strength 
retrogression), such systems may nevertheless undergo changes in their 
hydrated phase composition when temperature is varied. If the experi
mentally investigated temperature range contains significant phase 
boundaries, then this could potentially induce undetermined disconti
nuities in the cement thermal properties. 

Bu et al. (2017) report thermal expansion coefficients for cement as a 
function of temperature up to 300◦C, for what they refer to as “dry 
conditions”. They state the coefficient of thermal expansion decreases 
above 45◦C and even attains negative values at temperatures around 
120◦C. However, it should be noted that Bu et al. (2017) performed their 
tests at ambient pressure without controlling RH, thus allowing severe 
drying-effects and possibly even recrystallization or thermal decompo
sition of cement phases to occur. Whether such effects and the associated 
negative coefficients of thermal expansion are representative for 
downhole behaviour is highly questionable. Shui et al. (2010) report 
length change versus temperature for P.O. 42.5 cement samples up to 
85◦C (see Figure 1 of Shui et al., 2010). While these authors report only 
temperature-averaged coefficients (see Figure 2 of Shui et al., 2010), 

Figure 9. Thermal response of API Class G cement to heating under elevated confining and pore fluid pressure (Ghabezloo et al., 2009), with a) volumetric 
strain-temperature curves for drained and undrained conditions, and b) corresponding estimated for αd and αu, calculated as the local slope of the data in Figure 9a. 
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plotting the slope of their linear strain versus temperature data yields α 
that diminish rapidly above 60◦C (Figure 10). Shui et al. (2010) per
formed their measurements in air of >85% RH. It is unclear whether RH 
was controlled at the actual test temperature or not. It should be noted 
that controlling RH using a salt-brine equilibrium at some reference 
temperature could have yielded lower RH at the higher test temperature. 
By contrast, loss of moisture is much less likely to occur under the 
elevated pressures encountered downhole. For example, Ghabezloo 
et al. (2009) recorded positive coefficients of thermal expansion over 
temperatures up to 86◦C in their drained test under 1.5 MPa confining 
pressure. While recrystallization and other phase changes may still occur 
upon downhole exposure to increased temperatures, note that elevated 
pressures generally tend to suppress thermal decomposition reactions 
and extend the stable temperature range of hydrated phases. 

A limited number of experimental studies has considered thermal 
expansion at low temperature. Helmuth (1961) studied ASTM CEM I 
cement volume change down to –25◦C, noting that capillary porosity 
“emptied” by thermal contraction of the fluid during cooling towards 
freezing temperatures tended to liberate space to accommodate subse
quent volumetric expansion upon pore fluid freezing, thus providing 
some protection against damage from frost heave. Similarly, Wittmann 
and Lukas (1974) studied a Portland cement known as “PZ 350 F (DIN 
1164)”, exploring thermal expansion behaviour as a function of degree 
of pore fluid saturation and temperature. They found that the thermal 
expansion coefficient of water-saturated cement decreases between 
10◦C and 0◦C and increases again at subzero temperatures. For partially 
saturated cement, Wittmann and Lukas (1974) reported α decreases 
with lower temperatures (Figure 10). We were unable to find any 
cooling experiments or low-temperature data obtained under elevated 
pressure conditions. 

6. Recommendations for numerical simulation of thermal 
effects in CCS wells 

This literature review provides an overview of available experi
mental data and theoretical values for the thermal properties of 
Portland-based wellbore cements. The aim was to provide constraints on 
the ranges of these parameters for numerical model analyses of wellbore 
thermal behaviour under specific injection scenarios. The considered 
cement properties include its i) thermal conductivity and diffusivity, ii) 

specific heat capacity, and iii) coefficient of thermal expansion. Our 
literature survey revealed that the values obtained for these parameters 
in lab experiments depend strongly on test conditions and show signif
icant ranges, e.g., differ by over half an order of magnitude in the case of 
thermal conductivity and thermal expansion coefficients. In particular, 
the degree of pore fluid saturation (internal moisture content) has a 
significant impact on all three properties studied. Confident use of lab 
values in numerical modelling analyses of wellbore integrity therefore 
requires careful consideration of the methods employed in the lab ex
periments (e.g., if samples can dry out during testing, then the values 
obtained may not be suitable for simulation of downhole conditions). 
Based on our review, we can conclude the following: 

The thermal conductivity (λ) of Portland cements varies between 
0.3 and 1.3 W m-1 K-1. The degree of pore fluid saturation is one of the 
key controlling parameters, with higher saturations yielding larger λ. 
Water-saturated cement has λ of 0.9-1.3 W m-1 K-1. Thermal conductivity 
increases with increasing cement density and decreases with increasing 
porosity and mixing water-to-cement mass ratio (Figure 1). Some 
experimental studies report an apparent decrease with increasing tem
perature, but this is likely an artefact of samples drying out during 
testing. Molecular-dynamics modelling of C-S-H gel phases suggests λ 
will not vary strongly with temperature. Based on the limited available 
data, no significant variation in λ with Portland cement clinker 
composition is expected (Table 1). 

The specific heat capacity (cp) of Portland cements varies between 
900 and 2100 J kg-1 K-1. Specific heat capacity increases with increasing 
degree of pore fluid saturation and mixing water-to-cement mass ratio, 
while cp tends to decrease with increasing density and extent of hy
dration (Figure 4). Thermodynamic modelling shows that the cp of 
water-saturated cement ranges 1200-1800 J kg-1 K-1, displaying a slight 
increase with increasing temperature, and variation among API classi
fied cements. However, modelling further shows this variation is chiefly 
due to differences in the nominal mixing water-to-cement mass ratios of 
API Class A-H cements (Figure 5). 

The volumetric coefficient of thermal expansion (αV) is more 
difficult to constrain because the response of Portland cement to tem
perature changes includes delayed effects associated with mass transfer 
of internal water, e.g., from the capillary porosity to the gel porosity or 
vice versa (Figure 6). Due to these processes, the degree of pore fluid 
saturation is a key controlling parameter (Figure 7). Estimates for αV 

Figure 10. Coefficient of thermal expansion of Portland cement as a function of temperature. Data plotted in blue represents measurements performed under initially 
water-saturated conditions. Plot includes data from Helmuth (1961), Wittmann and Lukas (1974), Ghabezloo et al. (2009) and Shui et al. (2010). 
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under slow temperature change rates (i.e., assuming mass transfer of 
water can keep up: drained conditions) vary between 2 × 10-5 and 8 ×
10-5 K− 1. The apparent thermal expansion coefficient tends to increase 
with increasing temperature change rate. Values for αV obtained are 
minimal under water-saturated conditions. Variations in αV with 
composition seem to be small compared to other factors (Figure 7). 
Some experimental studies report an apparent decrease in αV with 
increasing temperature, but these observations are probably associated 
with samples drying out extensively during testing and are therefore 
considered unrepresentative for downhole behaviour. Based on very 
limited data obtained under elevated pressures, αV remains nearly 
constant between 10◦C and 90◦C under drained conditions. Under un
drained conditions, where no transfer of pore fluid is possible, mea
surement at elevated pressures yields considerably higher volumetric 
coefficients of thermal expansion, with steady values of up to 1.2 × 10-4 

K− 1 being registered (Figure 9). The intricate interplay between thermal 
(de)pressurization of the pore fluid phase and cement effective thermal 
expansion-contraction properties warrants further study. 
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Bažant, Z.P., 1970. Delayed thermal dilatations of cement paste and concrete due to mass 
transport. Nucl. Eng. Des. 14, 308–318. 

Belfroid, S., Koenen, M., Kreft, E., Huijskes, T., Neele, F.. CCS at Depleted Gas Fields in 
North Sea: Network Analysis. https://dx.doi.org/10.2139/ssrn.3813026. 

Bentz, D.P., 2007. Transient plane source measurements of the thermal properties of 
hydrating cement pastes. Mater. Struct. 40, 1073–1080. 

Bois, A.-P., Vu, M.-H., Ghabezloo, S., Sulem, J., Garnier, A., Laudet, J.-B., 2013. Cement 
sheath integrity for CO2 storage–An integrated perspective. Energy Procedia 37, 
5628–5641. 
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