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ABSTRACT 

        This work investigates whether shape stabilisation and thermal performance in phase change material 

(PCM) composites can be independently optimised to produce lightweight, cost-effective thermal energy 

storage materials. A hybrid composite comprising polyethylene glycol (PEG-1000) as the latent heat storage 

medium, carboxymethylated cellulose (CMC) to address leakage, and aluminium open-cell foams for thermal 

conductivity and mechanical reinforcement was developed. This approach aims to retain the benefits of metal 

foams while minimising the proportion of material not contributing to heat storage. Thermal conductivity 

increased with pore density (PPI), reaching ~2.2 W·m⁻¹·K⁻¹, while specific heat was mainly governed by 

relative density (RD). A key performance index identified 20 PPI 4-6% RD as the optimal architecture.  

1. INTRODUCTION  

Solid-liquid phase change materials (PCMs) are investigated for thermal energy storage due to their high 

energy density and temperature-specific operation. Polyethylene glycol (PEG) is attractive as its phase 

transition temperature can be tuned through molecular weight selection, enabling application-specific design 

[1]. However, implementation is limited by leakage during melting, low thermal conductivity, and insufficient 

mechanical strength [2]. Conventional approaches include encapsulation and metal foam incorporation. 

Encapsulation introduces thermal resistance and risks structural failure under volumetric expansion, while 

metal foams enhance conductivity and provide structural support but significantly increase mass and cost. High 

metal content also reduces the effective thermal energy storage capacity of the composite [3]. Recent work has 

explored cellulose-based matrices for shape stabilisation due to their porous structure, renewability, and 

compatibility with aqueous processing routes. However, cellulose alone cannot provide sufficient thermal 

conductivity or mechanical robustness [4]. This work addresses the gap by proposing a hybrid system where 

carboxymethylated cellulose (CMC) provides shape stabilisation, allowing metal foam content to be reduced 

while maintaining thermal performance. The objective is to determine how metal foam architecture, i.e. pore 

density (PPI) and relative density (RD), influences thermal conductivity, thermal energy storage, and weight.  

2. METHODOLOGY  

Hybrid composites were prepared using a water-based process. CMC nanofibres were dispersed and 

homogenised with PEG-1000 at a fixed ratio, followed by vacuum-assisted infiltration into ERG open-cell 

aluminium foams of varying architectures. The infiltrated structures were then freeze-dried (lyophilised) to 
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produce a solid, shape-stabilised composite. Metal foam morphologies were: (i) PPI 5, 10, 20; (ii) RD 4-6%, 

8-10%. This produced six distinct hybrid architectures for comparison (Fig 1). Thermophysical properties were 

measured using a TA FOX50 heat flow meter over a temperature range of 5-37 °C across the PCM transition 

temperature. Thermal conductivity, equivalent specific heat capacity, and overall weight were determined to 

enable comparison of gravimetric thermal performance across architectures.  To evaluate overall performance, 

a key performance indicator was defined as in Equation 1. 

𝐾𝑃𝐼  =  
𝑘 ⋅ 𝑐𝑝

𝑚𝑡𝑜𝑡
     (1) 

 
Fig. 1 Open-cell aluminium foams used (left). 5PPI 4-6% RD hybrid composite example (right) 

 

3. RESULTS 

Thermal conductivity increased consistently with PPI across all RD (Fig 2, left). The highest values were 

obtained for 20 PPI, reaching 2.2 W·m⁻¹·K⁻¹, i.e. an order of magnitude improvement over pristine PEG. RD 

had a secondary influence, with higher RD providing slightly increased conductivity due to greater solid 

conduction pathways. In contrast, specific heat capacity was primarily governed by RD (Fig 2, right). Low-

density foams (RD 4-6%) retained higher thermal storage capacity, achieving ~40% of the PEG baseline, while 

higher density foams exhibited substantial reductions due to increased metal content. A minor decrease in Cp 

with increasing PPI was observed, attributed to reduced PCM loading efficiency in finer pore structures.  

The KPI analysis revealed a clear optimisation trend (Table 1). While higher RD improved conductivity, 

the associated mass penalty reduced overall performance. The optimum was identified as 20 PPI 4-6% RD, 

which balanced thermal conductivity, energy storage, and composite weight. These results demonstrate that 

pore density (PPI) governs thermal transport, whereas relative density (RD) controls thermal storage capacity. 

Table 1. Key Performance Indicator Values across Hybrid Composites  

RD [%] PPI KPImax  KPIS-L KPI KPI/KPICPCM 

4-6 5 0.87 0.61 0.47 3.74 

4-6 10 1.23 0.86 0.65 5.23 

4-6 20 1.84 1.39 1.05 8.39 

8-10 5 0.57 0.47 0.36 2.91 

8-10 10 0.72 0.54 0.41 3.29 

8-10 20 1.08 0.81 0.63 5.06 

CPCM 0.24 0.16 0.12 1.00 
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Fig. 2 Thermal conductivity (left) and specific heat capacity (right) for variable metal foam morphology 

hybrid composites including composite PCM without metal foam (CPCM) and bulk PEG-1000 

 

4. CONCLUSIONS 

Hybrid cellulose-metal foam PCM composites enable lightweight thermal energy storage by decoupling 

stabilisation and thermal transport. Thermal conductivity increased with pore density, with 20 PPI foams 

providing the highest enhancement. Specific heat capacity was mainly governed by relative density, with low-

density foams retaining higher thermal storage capacity. Performance index analysis identified 20 PPI at 4-6% 

relative density as the optimal architecture. Reducing relative density from 8-10% to 4-6% caused only a 

modest decrease in thermal conductivity while significantly lowering composite mass, demonstrating that 

small conductivity losses yield substantial gains in overall performance. 
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