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Abstract

Converting the pervasive low-grade environmental waste heat of 
approximately 200 EJ globally per year (equivalent to 27 Gt of CO2 
emission) into electricity promises energy sustainability and would 
contribute to carbon neutrality. Heat harvesting technologies 
capture this waste heat through thermodynamic heat engines across 
various working media. Conventional heat harvesting approaches 
have primarily focused on limited incremental improvements in 
thermophysical output. However, advances in thermal nonlinearity and 
material anisotropy offer substantial gains but are often overlooked. In 
this Perspective, we delve into the role of intrinsic thermal nonlinearity 
with multiscale physical understanding to transform heat or thermal 
energy harvesting technologies from linear to nonlinear processes.
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Analogously, when the temperature dependence of FOM of a 
heat harvesting method (given as a function f(T) ∝ T m, where T is the 
temperature and m is the scaling exponent) shifts from linearity (m = 1) 
to nonlinearity (m ≠ 1), the normalized output can be substantially 
greater than (m > 1) that of conventional incremental results (Fig. 1b), 
owing to the increase in positive temperature differentials (∂2/∂T2 > 0) 
at consistent thermal inputs. From the viewpoint of thermodynamic 
energy conversion, this phenomenon of temperature nonlinearity 
has applications across the material, device and system levels in vari-
ous heat harvesting technologies such as thermal desalination14,15, 
pyroelectrics16–19, thermoelectrics20,21, thermogalvanics22,23, 
thermomagnetics24,25 and thermochromism26,27. More importantly, 
the performance metrics exhibit nonlinear temperature dependence 
and correlations with material anisotropy. This implies that the FOM 
could be dynamically modulated through multiscale nonlinear thermal 
manipulation across in-plane and out-of-plane directions in the tem-
poral (∂T/∂t) and spatial (∂T/∂x) domains (where t and x refer to time 
and coordinate, respectively), in conjunction with tailoring material 
properties. Unfortunately, the fundamental understanding, current 
challenges, and opportunities of the abovementioned thermal nonlin-
earity in heat harvesting have not been well summarized and discussed  
to date.

In this Perspective, we begin by discussing the fundamental phys-
ics of heat transfer at the macroscale and microscale. We elucidate the 
mechanism by which thermal nonlinearity (specified as temperature 
nonlinearity, nonlinear temperature dependence or distribution) in 
tandem with governing equations and T-dependent FOMs contribute 
to heat harvesting technologies towards desirable thermodynamic 
energy conversion. Then, the strategies and benchmarks in thermo-
electricity, pyroelectricity and thermal desalination technologies 
using nonlinear processes are highlighted. We specifically empha-
size the significance and effectiveness of thermal nonlinearity for 
sustainable heat harvesting from atomic and nanoscale, microscale, 
mesoscale and macroscale thermal transport in thermoelectrics and 
pyroelectrics. We also showcase the potential of thermal nonlinearity 
to revolutionize the way heat is harvested with higher energy efficiency 
and lower carbon footprint to meet the UN SDGs. Finally, we outline the 
challenges and opportunities in nonlinear heat harvesting and offer 
insights into future prospects.

Fundamentals and benchmarks of nonlinear  
heat harvesting
Fundamental physics of thermal nonlinearity
From a macroscopic heat transfer viewpoint, the temperature field 
of an object (T(x,y,z,t) in 3D Cartesian coordinates) is normally gov-
erned by heat conduction, heat radiation and heat convection (Box 1). 
The mathematical formulation of heat transfer across an object, 
whether in a steady or transient state, actually involves deriving the 
analytical or numerical solution of T(x,y,z,t) from partial differential 
equations of heat transport associated with given initial and boundary 
conditions
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where ρ is density, Cp is specific heat capacity, κ is thermal conductiv-
ity tensor with inclusion of electronic (κe) and lattice vibration (κL) 
contribution, and Qin is the internal volumetric heat source (such as 
the Peltier effect); all these parameters are variables with respect to 
T, the coordinates (x,y,z), and t. In general, boundary conditions are 

Introduction
In the energy transition from centralized fossil fuels to renewable and 
sustainable alternatives that target the United Nations Sustainable 
Development Goals (UN SDGs), there exists an important role for har-
vesting disordered, distributed and decentralized waste heat from 
the environment to produce electricity1–3. Heat dissipation into the 
environment is governed by the second law of thermodynamics, which 
states that the total entropy (s) of an isolated system can never decrease 
over time (that is, Δs > 0). In other words, in thermodynamic processes, 
the irreversibility of the Carnot heat engine (that is, the relative Carnot 
efficiency ηr < 1) results in inevitable heat dissipation (and, thus, carbon 
emission). Therefore, harvesting untapped, invisible and all-present 
waste heat from the environment as cost-effectively and sustain-
ably as plastic recycling has become an emerging focus not only in 
fundamental physics but also in the effort to meet the UN’s climate 
targets. Heat harvesting (or thermal energy harvesting) technology 
is an application-driven fundamental research field that is rooted in 
interdisciplinarity across physics, materials science, chemistry, engi-
neering and sustainability. Heat harvesting materials aim to convert 
thermal potential differences into electrostatic or electrochemical 
potentials (voltage) through thermodynamic cycles using various 
working media, such as electrons, ions, molecules, phonons, magnons 
or polaritons. Despite the ever-growing efforts made by academia, 
industry and policymakers over the past century, along with notable 
achievements in thermoelectrics and pyroelectrics, heat harvesting 
in a more sustainable way still faces several challenges. These include, 
but are not limited to, the need for an in-depth understanding of the 
physical transport of working media in the thermodynamic process 
at multiple scales, the development of more efficient and streamlined 
synthesis of heat harvesting materials, the design of effective and sim-
plified device configurations, and the establishment of comprehensive 
evaluation metrics for techno-socioeconomics.

Traditionally, heat harvesting efforts have been focused on improv-
ing performance metrics or figures of merit (FOM) of materials at given 
boundary conditions (for example, thermodynamic cycle across low 
(TL) and high (TH) temperatures) in a linear manner. Examples include 
the following: increasing the Seebeck coefficient (S) or thermoelectric 
figure of merit (ZT) to maximize the electrical power density (PD ∝ S2) 

or power conversion efficiency (η ∝
T T

1 + ZT − 1

1 + ZT + /L H
) (refs. 4–6); enhancing 

the change in electric polarization (P) to boost the pyroelectric coef-
ficient (ppyro) and current output (I ∝ ppyro, ppyro = ∂P/∂T ) (refs. 7–9); and 
lowering the water vapourization enthalpy (ΔHvapour) to raise the evapo-
ration rate (mevp) (refs. 10,11). However, the overall heat harvesting 
capability is not solely governed by these performance metrics or FOMs 
but hinges on the thermal nonlinearity of materials associated with 
spatial and temporal heat transport across multiple scales.

One of the famous implications of nonlinearity is the so-called bra-
chistochrone problem, initially posed by Bernoulli over three centuries 
ago. The problem is to find the trajectory that minimizes the time it 
takes for a bead to slide from an upper point to a lower point on a plane, 
under the sole influence of gravity (without friction). Mathematical 
derivation reveals that a cycloid, not a linear path, yields the shortest 
travel time when considering only gravity (Fig. 1a). The physics behind 
the cycloid curve is its ability to strike a balance between maximizing 
speed while minimizing travel distance. The brachistochrone curve 
with fastest descent for a movable object moving because of its own 
weight (force) has been successfully applied to mechanical energy 
harvesting on non-flat surfaces12,13.

http://www.nature.com/natrevphys
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classified into three categories, namely type I (Dirichlet) with a fixed 
temperature (TH and TL), type II (Neumann) with a fixed heat flux of 
−κ∇T, and type III (Robin) with known hconv and Tf (that is, hconv(T−Tf), 
where Tf is fluid temperature). Conventionally, κ is scalar and invariable 
in isotropic materials, so T(x,y,z,t) is rewritten as

T
t

a T
Q
ρC

∂
∂

= ∇ + , (2)2 in

p

where a is thermal diffusivity. In the steady state, that is, ∂T/∂t = 0, 
the governing equation of T(x,y,z) is given as ∇2T + Qin/κ = 0, which 
is the Poisson equation. Meanwhile, in the absence of Qin, the transient 
T(x,y,z,t) is governed by ∂T/∂t = a∇2T. Consequently, at low or room 
temperature and invariable thermal properties, equation (2) offers a 
straightforward solution to numerically visualize T(x,y,z,t) both in the 
steady (∂T/∂t = 0) and transient (∂T/∂t ≠ 0) states for spatial and tem-
poral heat harvesting. For instance, in terms of body heat harvesting, 
the attainable ΔT is around 5 °C; therefore, S and κ of thermoelectrics 
are nearly constant when estimating PD. However, with the inclusion 
of T-dependent phase changes, the T(x,y,z,t) is modelled by the energy 
equation28

ρC
T
t

ρC ν T κ T
∂
∂

+ ∇ = ∇( ∇ ), (3)p p

where ν is dynamic viscosity, Cp is specific heat capacity with the inclu-
sion of latent heat of phase change, and ρ, ν, Cp and κ are T-dependent 
variables.

In microscale and nanoscale heat transfer (Box 1), the interaction 
time (10−9–10−12 s) and length scale (10−9–10−7 m) of heat transport may 
approach the intrinsic physical characteristics (such as relaxation time 
τ and mean free path Λ) of carriers. Consequently, T(x,y,z,t) is governed 
by τ and Λ. This regime is known as non-Fourier heat transfer. Two 

models are widely used to capture the wave-like behaviour of nanoscale 
heat transport29–31: the Cattaneo–Vernotte equation with the inclusion 
of thermal inertia effects, and the dual-phase-lag model. More explic-
itly, the wave-like lattice vibrations are modelled as quantized energy 
carriers (phonons). According to the Boltzmann transport equation in 
the relaxation time approximation and the Debye model32,33, phonon 
dispersion (frequency versus wave vector, ω~qph) can be manipulated 
via both externally applied fields and τ~T correlations under elastic 
and inelastic phonon scatterings (such as phonon–phonon scattering, 
phonon–electron scattering and phonon–defect scattering). In par-
ticular, at low temperatures (T ≪ θD, where θD is the Debye temperature), 
phonon–defect scattering dominates the heat transport and κL ∝ T3; at 
intermediate temperatures (T ≈ θD/3), both normal (N) and Umklapp 
(U) scattering processes contribute and κL peaks at a certain value 
before it decreases as the U scattering process becomes dominant; at 
high temperatures (T > θD/3), U scattering process dominates the heat 
transport and κL ∝ T −1. An in-depth understanding of the nonlinear 
T-dependent ω in conjunction with the manipulation of τ and Λ not only 
enables the engineering of ω~qph and the achievement of ultrahigh or 
ultralow κL but also contributes to bridging thermal nonlinearity with 
FOMs targeting efficient heat harvesting.

Thermal nonlinearity in heat harvesting
The nonlinearity of T(x,y,z,t) can be caused by steady or transient 
heat flux across the object; such a temperature profile is pivotal for 
modulating the intrinsic temperature nonlinearity of thermophysical 
metrics or FOMs. In the context of the thermodynamic process of an 
ideal Carnot engine, the working media (for example, electrons, ions, 
molecules, phonons, magnons or polaritons) dominate the heat and 
mass transport associated with thermal nonlinearity in thermophysical 
outputs. To showcase the significance of how nonlinear T-dependent 
thermophysical output contributes to emerging heat harvesting tech-
nologies under steady or transient conditions, we interpret physical 
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Fig. 1 | Nonlinearity is better than linearity. a, Brachistochrone or ‘shortest 
time’ problem. The shortest-time path for a frictionless bead subject to gravity 
to slide from the departure to the terminal point is given by the cycloid and 
not a linear path. b, Linear-to-nonlinear temperature dependence of figure of 
merit (left axis) and normalized thermal output (right axis). f(T ) refers to the 

temperature dependence of figures of merit. The output of f(T ) is the dependent 
variable versus the temperature and is normalized to 1. The normalized thermal 
output is calculated as the integral of f(T ) from the initial temperature to 100 °C 
(that is, ∫ f(T )dT ), according to the general thermodynamic process of heat 
harvesting technologies.
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Box 1 | Fundamental physics of thermal nonlinearity in heat harvesting
 

Macroscopic heat transfer
Heat conduction� (see the figure, part a). The conductive heat flux 
(qcond) across an object (with thermal conductivity tensor of κ) under 
a temperature gradient (∇T) is given by Fourier’s law qcond = −κ∇T. 
In general, κ is governed by both charge carriers and lattice vibration 
(quantized thermal carriers, that is, phonons). The latter is also 
specified as lattice thermal conductivity (κL); it dominates heat transfer 
in non-metallic materials and is given as κL = CVvgτ, where CV is the 
specific heat, vg is the group velocity and τ is the relaxation time. 
Conventionally, κL is uniform (a scalar) and proportional to T in isotropic 
materials and ranges from 10−2 W m−1 K−1 (air) to 102 W m−1 K−1 (silver).

The mechanical exfoliation of van der Waals non-centrosymmetric 
crystals at the nanoscale, alongside porosity tailoring and graded 
composition at micro and mesoscales, has been used to produce 
a nonlinear κ with respect to T, x and t variation. κ(T,x,t) can be 
predicted theoretically using effective medium theory148.

Heat radiation� (see the figure, part b). The interaction phenomena 
between photons and the surface of objects include reflection, 
absorption and transmission. According to Kirchhoff’s law, emissivity 
(ε) equals the absorptivity of an arbitrary body that emits and absorbs 
thermal radiation in thermodynamic equilibrium. Heat radiation  
or thermal electromagnetic radiation (qrad) enables the transformation 
of energies both in amounts and forms between the heated surface 
and environment, which is normally given by the Stefan–Boltzmann 
law with a heat radiation vector direction of nrad

n q εσ T T( ),rad rad SB amb
4 4∙− = −

where σSB is the Stefan–Boltzmann constant. The nonlinear 
characteristics of ε with respect to wavelength, temperature and 
radiation angle enable the manipulation of thermal radiation towards 

desirable energy harvesting and management. Moreover, the balance 
between absorptivity and emissivity can be broken in non-reciprocal 
systems and beyond Kirchhoff’s law149,150.

Heat convection� (see the figure, part c). Heat convection is an 
analogue of mass transfer convection and describes how heat 
travels over a surface from one place to another owing to movable fluid 
flow. At a flat surface, the convective heat flux (qconv) is described by 
Newton’s law of cooling −nconv•qconv = hconv(Tf−T), where hconv is the heat 
transfer coefficient, Tf is the fluid temperature, and nconv is the heat 
convection vector direction. Active manipulation of hconv, such as the 
physical property or situation, enables substantial change in the spatial 
and temporal temperature profile of the thermal object.

Microscopic temperature nonlinearity of lattice thermal 
conductivity
In accordance with the Boltzmann transport equation in the 
presence of a temperature gradient alongside the Planck distribution 
function and relaxation time, the κL can be phenomenologically 
fitted by the Debye–Callaway model32,33 (see the figure, part d) and 
written as
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where kB is the Boltzmann constant, ℏ is the reduced Planck constant, 
vs is the average sound speed, θD is the Debye temperature, z is the 
reduced phonon frequency (z = ℏω/kBT), and τtot is the total relaxation 
time and is of z dependence. Normally, τtot is given by Matthiessen’s 
rule in the consideration of Umklapp scattering process, point 
defects scattering, boundaries scattering, dislocation scattering 
and/or electron–phonon scattering.
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insights and governing equations in accordance with equations (2) 
and (3), as shown in Table 1 and Fig. 2a.

Fundamentally, one of the major focuses in heat harvesting is 
how to manipulate and align T(x,y,z,t) with FOMs at given initial and 
boundary conditions with respect to externally applied multiphysical 
fields. From a microscopic viewpoint, changes in ω~qph or κL neces-
sitate a physical interpretation of interaction phenomena and trans-
port characteristics of energy carriers. For instance, particularly in 
metals, the electronic excitations modulated by coupling to lattice 
vibrations during electron–phonon scattering substantially influence 
the thermodynamic properties of the metal (such as κ and electrical 
conductivity σ). In addition, the Wiedemann–Franz law states that 
the ratio of electronic contribution (κe) of κ to σ varies linearly with 
T, that is, κe/σ = LT, where L is known as Lorenz number. As a result, 
electron–phonon decoupling is needed to reduce κL towards a high 
FOM because ZT ∝ 1/κL and κe is less adjustable, especially in typical 
thermoelectric materials (degenerate semiconductors) with a small 
bandgap (Eg). By contrast, the modulation of κL in dielectrics or insu-
lators with a large Eg (for instance, clamped-lattice polar materials) 
tends to be the ‘opposite’, because the variation of PS (spontaneous 
polarization vector) or electric dipole moment is predominated by 
the harmonic vibration of ions relative to phonon propagation16,34. In 
another example, concerning solar-thermal desalination, tempera-
ture nonlinearity at a molecular level has been studied with the aim 
of increasing mevp through several means: the reduction in ΔHvapour 
owing to modified bonding interactions between intermediate water 
molecules and polymer networks10; the exponential correlation of 
the vapour saturation pressure pvapour(T ) governed by the Antoine 
equation15; and the photo-molecular effect11.

Conversely, from a viewpoint of macroscale observations, the 
thermophysical properties typically show a sharp variation before 
reaching a critical temperature (such as the Curie temperature, TCurie) 
when phase transition (or phase change) materials are used in heat 
harvesting (Fig. 2a). For example, the unusual behaviours of S(T ) and 
Cp(T ) in liquid-like thermoelectrics owing to a structural phase transi-
tion as the temperature is increased from low to high35,36, the giant 
ppyro(T ) change in polar dielectrics attributed to the ferroelectric to par-
aelectric (FE–PE) phase transition16,37, and the large magnetic entropy 
variation in thermomagnetic alloys during the transition between fer-
romagnetic and paramagnetic states (FM–PM transition)25. Moreover, 
the nonlinear temperature dependence of pvapour(T ), S(T ), ppyro(T ) and 
Carnot efficiency (ηCarnot) proves that colossal thermophysical output 
can be realized at elevated temperatures38,39. Accordingly, making use 
of temperature-dependent energy harvesting capabilities beyond 
traditional linear characteristics requires that waste heat be upgraded 
from low grade (around room temperature) to high grade (for example, 
close to but just below TCurie).

Benchmarks of nonlinear heat harvesting
Advances in the study of thermal nonlinearities have led to promising 
developments in electricity and water production through solar heat 
harvesting over the past decade (Fig. 2b). In particular, under consistent 
input heat flux, transverse pyroelectricity is verified to offer a high PD  
(≈38 mW m−2), two orders of magnitude greater than that of conven-
tional linear methods (≈0.1 mW m−2) (refs. 16,40–46). This unexpected 
finding is mainly ascribed to the synergistic increase of ∂T/∂t and ppyro(T ) 
under in-plane heat generation and propagation decoupling. Similarly,  
the topological anisotropy of thermoelectrics has transformed the 
solar heat harvesting process by incorporating a non-unity configura-
tion (for example, dissimilar geometry of p-type and n-type legs) and 
spectral selectivity (for example, passive solar heating and/or radiative 
cooling). Doing so results in an increase of the effective ΔT across the 
thermoelectric legs, targeting a PD increase of three orders of magni-
tude, far greater than that of conventional unity structures47–52. Apart 
from heat-to-electricity generation, thermal nonlinearity has found 
applications in solar vapourization of thermal desalination via ther-
mal and/or optical concentrations, leading to an improvement of two 
to three orders of magnitude in mevp (refs. 15,53–55). Fundamentally, 
these extremely high performances are attributed to the nonlinear 
temperature dependence of thermophysical properties and mate-
rial anisotropy (Fig. 2a). This facile yet overlooked phenomenon in 
conventional linear systems opens new avenues for highly efficient 
and sustainable heat harvesting, as demonstrated through multiscale 
thermal manipulations.

Multiscale manipulations of nonlinear  
heat harvesting
The heat harvesting capability (for example, PD or η) with respect to a 
given T(x,y,z,t) is fundamentally determined by the lattice heat trans-
port (κ) in conjunction with thermophysical metrics or FOMs (such as 
ZT, S(T ), ppyro(T )). In crystalline solids, such as thermoelectric semi-
conductors and polar dielectrics, heat transport can be modelled as 
the propagation and scattering of phonons across the lattice. Normally, 
κ is composed of spectral volumetric specific heat (Cv(ω)), group veloc-
ity (vg(ω)) and relaxation time (τ(ω)), and given by integration of pho-
non spectra. Concerning the Bose–Einstein distribution f and the 
phonon density of states (N(ω)), here Cv(ω) can be written as ħωN ω( )

f
T

∂
∂ ,  

and Λ(ω) = vg(ω)τ(ω) (ref. 56). In the domain of thermoelectrics, the 
phenomenological description of κL is fitted using the Debye–Callaway 
model32,33. A simple way to approach the theoretical limit of κL is to 
tailor τ(ω) according to various scattering processes (Box 1). By con-
trast, for pyroelectrics, in accordance with the Born–Szigeti quantum 
theory19,57, the primary ppyro(T ) is attributed to the harmonic variation 
of ions (known as electron–phonon renormalization) and anharmonic 
potential (known as ridge-ion displacement). Consequently, in thermal 

Multiscopic temperature nonlinearity of environmental 
thermal devices, systems and sources
The temperature field of a thermal object (such as a heated device 
or system) in a steady or transient state is typically governed 
simultaneously by heat conduction, radiation and convection. 
Interestingly, temperature nonlinearity intrinsically exists in the 
device or system with a spatial length nanometres to kilometres; see 
the figure, part e that necessitates the active manipulation of heat 

transfer for energy harvesting and management. For instance, the 
heat dissipation of transistors increases dramatically when the gate 
length approaches the nanoscale151,152, the spatial temperature profile 
of heated devices follows a Gauss distribution under constant heat 
flux16, and the ambient and global heat vary nonlinearly versus the 
altitude and latitude153. These common but unexplored phenomena 
of thermal nonlinearity in ambient sources could revolutionize heat 
harvesting.

(continued from previous page)
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systems, manipulating ω and phonon–electron interactions across 
scales from nanoscale to macroscale could substantially modulate the 
thermodynamic properties and electric output potential.

Atomic and nanoscale thermal nonlinearity
One common approach to understanding the structure–property 
correlation for the flexible manipulation of thermal and electrical 
transport in dielectrics is to introduce ultrafast control of structural 
dynamics in solid-state materials using light. In the ferroelectric com-
munity, one intriguing phenomenon lies in engineering the vibrational 
modes of lattice within bulk crystals using resonant mid-infrared light 
pulses58,59 that beyond surface ferroelectricity60. Of particular interest 
is optically active phonon (incoming light-triggered high-frequency, 
strong modes) coupled with acoustic phonon (lattice vibrations at 
low-frequency, soft modes) influence the structural properties of fer-
roelectric materials. For instance, under ultrafast light pulse heating, 
by spatially separating the terahertz (THz) phonon creation region 
and lattice vibration region, the phonon dispersion is not confined 
to the hotspot near the sample surface but propagates with the trav-
elling polariton throughout the entire bulk materials59 (Fig. 3a). In 

other words, the infrared heating is localized to a spot (near the sample 
surface), whereas phonon propagation in the ferroelectric is nonlocal. 
Moreover, incident high-frequency (THz) infrared irradiation induces 
a strong phonon mode within the hotspot, which couples with other 
phonons (soft modes at low frequencies) and drives the lattice vibration 
into the THz range. This coupling leads to nonlinear phononic manipu-
lation of structural dynamics. Nonetheless, the current methodology 
primarily addresses nanoscopic and microscopic light-manipulated 
phonon propagation in the out-of-plane direction (that is, in the thick-
ness direction), whereas the in-plane results are absent. Also, the exact 
influence of polaritons on induced polar charges in ferroelectric mate-
rials remains unclear. Additionally, to tune the structural dynamics of 
ferroelectrics using external light stimuli, other promising solutions 
for efficient heat harvesting are the flexible modulation of atomic 
resonance, lattice vibrations and strain propagation.

Aside from the external field modulation using light, high-κ fill-
ers (AlN, GaN nanoparticles) have been introduced into ferroelectric 
ceramics (lead zirconate titanate (PZT), bismuth sodium titanate) to 
boost ∂T/∂t and ppyro(T ) (ref. 34). The introduction of GaN dopants 
promotes resonance vibration between Ga atoms and the ferroelectric 

Table 1 | Summary of nonlinear heat harvesting

Technologies Governing equations Notes Nonlinearity

Thermal 
desalinationa

Discretization of the continuity, momentum and energy 
equations in consideration of air, liquid and vapour phases; 
the mixture phase of vapour and liquid is modelled using 
Lee model137,138:

+ ∇ =
∂

∂ ρ uu·( ) 0ρ
t
m

m m ,
∑ + ∇ ∑ + = ∇ ∇ +∂

∂ = =∙β ρ E β ρ E p κ T Quu( ) [ ( )] ( )t k
m

k
m

1 k k k 1 k k k k eff E,

+ ∇ =
∂

∂
( ) β ρ muu·( )
β ρ

t
v v

v v m evp

ρm is the density of the mixture and is  
given as = ∑ =ρ β ρk

m
m 1 k k, where k is the 

phase; um is the mass-averaged velocity; βv 
is vapour volume fraction; ρv is the vapour 
density; uv is the velocity of vapour; mevp  
is evaporation rate; Ek equals ΔHvapour(T) for 
incompressible phase; κeff is the volumetric 
thermal conductivity of mixture

Vapour saturation pressure 
pvapour(T) ∝ eT according to Antoine 
equation; nonlinear T-dependent of 
vapourization enthalpy ΔHvapour(T) 
according to Clausius–Clapeyron 
equation, interbond-dependent 
ΔHvapour; manipulative hconv

Pyroelectricb Heat transfer at transient state, including heat conduction, 
radiation, convection and electrostatic equations16,139:
ρC ρC T κ T Quu ( )T

tp p ∙+ ∇ + ∇ − ∇ =∂
∂

,
ρDD c∙∇ = ,

= − ∇VEE ,
εDD EE PP0= +

Volumetric or space charge density ρc is 
of nonlinear T-dependence; D is electric 
displacement; E is electric field; the total 
polarization (P) is given as P = PS + PE, where 
PS and PE are spontaneous and electric 
field-driven polarization, respectively

Pyroelectric coefficient ppyro  =  
∂P/∂T and ppyro ∝ T3, P is the 
element of polarization; 
pyroelectric current I  =  
ppyro·A∂T/∂t; FOM = ppyro/(εCp); 
PS(T), PE(T), ε(T) and Cp(T) are 
T-dependent; manipulative ε and 
hconv; anisotropic PS(T) and PE(T)

Thermoelectricc Heat transfer and current conservation equations 
alongside Seebeck effect, Peltier effect and Thomson 
effect63:

∇ + ∇ =∙ ∙ρC Tuu qq JJEEp ,
VEE = −∇ ,

T Tqq κκ SS JJ= − ∇ + ,
V TJJ σσ σσSS= − ∇ − ∇

J is electric current density, V is voltage; 
S, κ and σ are Seebeck coefficient tensor, 
thermal conductivity tensor and electrical 
conductivity tensor, respectively

Element of Seebeck coefficient 
S ∝ Tm (m > 2); carrier concentra
tion n ∝ T3/2; κL ∝ T3; electrical 
power density PD = S2ΔT2/(4R); 
topology-dependent cE, R and η

Thermogalvanicb,c Heat transfer, current and mass conservation equations 
alongside thermogalvanic and Soret effects23,140:

ρC T κ Tuu QQ·( ) ( )T
t p+ ∇ + ∇ − ∇ =∂

∂
,

∙ νuu uu uu gg( ) (1 )ρ
ρ

2
0

∇ = ∇ + − ,
c cS Ti∇ = − ∇

u is the bulk velocity vector, ν is viscosity, 
g is the gravity force, c is the ion 
concentration and Si is the ion Seebeck 
coefficient; the slip condition at the wall 
is unconsidered; the electrolyte flow is 
laminar and incompressible, that is, ∇·u = 0

S(T), μ(T), n(T), Cp(T); large 
ΔT, manipulative ε and hconv; 
topology-dependent cE, R, PD and 
η; PD = S2ΔT2/(4R)

Thermomagneticb Heat transfer and current conservation equation in 
conjunction with Faraday’s law of electromagnetic 
induction25,141:

∙ρC ρC T κ T Quu ( )T
tp p+ ∇ + ∇ − ∇ =∂

∂
,

σ ε AA MM( )t
AA 1+ ∇ × ∇ × −∂

∂
−

σuu AA JJ( ) e− × ∇ × = ,
× =nn HH 0

A is the magnetic vector potential, M is 
the magnetization vector, Je is the external 
current density, n is the normal vector,  
H is the magnetic field strength and ε  
is the permeability; the magnetic force  
in the non-conducting domain is modelled 
by integrating the Maxwell stress tensor 
variables

M(T) and Cp(T) are 
temperature-dependent and 
topology-dependent variables; 
manipulative ε and hconv; 
V = N·(∂Φ/∂T)·(∂T/∂t)

aSolar-driven interfacial water evaporation with nonlinear heat distribution; bTransient heat harvesting triggered by temporal temperature changes (∂T/∂t); cSteady-state heat harvesting driven 
by the spatial temperature gradient (ΔT).
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matrix, thereby facilitating the lattice vibration of TiO6 octahedra 
(Fig. 3b). This atomic lattice design not only increases κL but also 
boosts PS (the element of spontaneous polarization), thus, leading 
to a high pyroelectric energy density of 80 μJ cm−3 at ΔT = 2 °C with 
a matched load impedance. However, known ferroelectric materials 
are normally non-centrosymmetric, and the increased dopants of 
GaN nanoparticles may lead to inevitable current leakage owing to 
high σ. In this context, how the materials’ anisotropy and dielectric 
loss of GaN-composited ferroelectric ceramics impact the PS variation 
requires further examination.

Atomic staggered layer modulation in van der Waals single crystals 
via mechanical exfoliation (Fig. 3c) is another example that demon-
strates the potential for harvesting environmental waste heat with 
high-performing thermoelectricity and flexibility52. Unlike thin films, 
inorganic bulk thermoelectrics suffer from stiffness and brittleness 
owing to ionic or covalent bond interactions, limiting their electrical 
and mechanical performance for adaptive heat harvesting at curved 
thermal sources. By contrast, the staggered layer formation via atom 
slips and exchanges (atomic structure rearrangement) around the 
van der Waals gap in single-crystalline (bismuth telluride) thin films 
has synergistic effects. First, the staggered layer is thought to be a 
donor impurity for tuning effective mass (m*) while minimally altering 
carrier transport (S ∝ T m, S ∝ m* and n ∝ T3/2)61, bringing forth a high 
power factor. Second, atomic structure rearrangement is observed to 
redistribute nonlinear strain propagation across the van der Waals gap 
and lattice under external mechanical stimuli62, ensuring high bend-
ability without compromising carrier mobility. Considering non-unity 
device topology alongside spectrum-selective solar heat absorption 
and regulation63,64, the Bi2Te3 films achieve a high PD of 4.1 W m−2 at 

1 sun illumination. Although the developed staggered layer renders 
the typical brittle Bi2Te3 crystalline flexible and shows general appli-
cability in other layered compounds (such as tin selenide and bismuth 
selenide), further investigation is required to attain a high degree 
of control beyond atomic structure rearrangement65 and in-depth 
phonon dispersion.

Microscale thermal nonlinearity
Owing to the advanced manufacturing techniques in nanofabrica-
tion and microfabrication, nanoscale phenomena and effects can be 
effectively harnessed in dielectrics towards high-performing heat 
harvesting. One successful microfabrication demonstration involves 
engineering the dielectric surface with a non-flat texture (partially cov-
ered electrodes or nanoscale and microscale plasmonic metasurfaces) 
for solar heat absorption approaching the thermal limit. The partially 
covered electrode consists of multi-hole arrays on the polar dielectric, 
facilitating concurrent selective heat absorption and reflection and 
free charge collection during temporal temperature variations66,67. For 
instance, compared to a fully covered design, the micropatterned alu-
minium electrode (coverage area of 45%) on the poled polyvinylidene 
fluoride (PVDF) film boosts the open-circuit voltage by 380% owing to a 
delicate balance between enhanced thermal diffusion and electrostatic 
charge collection68 (Fig. 3d). This strategy not only produces a high 
pyroelectric output but also reduces material usage with a lower elec-
trode coverage area, thus, making heat harvesting highly cost-effective 
and sustainable.

In another approach, Au cubes with dimensions of hundreds of 
nanometres on top of an AlN film promote the pyroelectric photo-
detection with a responsivity of 0.18 V W−1 and a rise time of 700 fs 
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Fig. 2 | Fundamentals and benchmarks of nonlinear heat harvesting.  
a, Temperature dependence of thermophysical output for different processes, 
with either linear or nonlinear dependence on temperature. Linear curves are 
set by the tangent of corresponding temperature-dependent figures of merit 
at 20 °C and represent the limitation of thermophysical output under a linear 
process or low temperature (for example, bulk solar vapourization near the 
room temperature). b, Benchmarks of electrical power density (left axis) and 
evaporation rate (right axis) at various input heat fluxes. The outputs of nonlinear 
heat harvesters (solid symbols) are much higher than those of linear harvesters 

(open symbols). Circles (pyroelectric heat harvesters, ‘pyro’)16,40–46, triangles 
(thermoelectric heat harvesters, ‘TE’)47–52 and squares (thermal desalination, 
‘TD’)15,53–55 are coloured with respect to experimental temperatures (indicated 
by the colour bar) of measured electrical power density and evaporation rates. 
The dashed line indicates how to transform heat harvesting from linear to 
nonlinear processes via temperature nonlinearity and topology anisotropy. α(T ), 
absorbance26; ηCarnot(T ), Carnot efficiency, calculated using the formula of ΔT/TH 
in the unit of Kelvin; pvapour(T ), vapour saturation pressure15; ppyro(T ), pyroelectric 
coefficient85; smag(T ), magnetic entropy change25.
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(refs. 69–71), by means of localized surface plasmons which decay 
at femtosecond timescales and nonlinear heat generation through 
electron–phonon scattering (Fig. 3e). Noticeably, these designs are 
implemented at room temperature in the absence of denoising and 
cryogenic calibration, offering modularity and scalability for practical 
applications.

In addition, the dimensionality effect of pyroelectric nanowires and  
nanomembranes has a critical role in manipulating heat transport 
and thermal energy harvesting performance72–74. For example, when 
polar materials approach the 2D crystalline limit, the dimensionality 
effect substantially alters phonon dynamics, leading to improved 
pyroelectricity (Fig. 3f). Specifically, the reduced limitation of atomic 
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Fig. 3 | Multiscale structure topology and mechanisms for nonlinear heat 
harvesting. a–c, Atomic or nanoscale heat manipulation: ultrafast mid-
infrared light pulses trigger nonlinear phononics with high-frequency (ω) 
mode in ferroelectricity59 (panel a); resonance vibration between high thermal 
conductivity (κL) filters and ferroelectric matrix for increased pyroelectricity 
(ppyro)34 (panel b); and boosted thermoelectric power factor (PF) and decreased 
thermal conductivity (κL) with staggered layers52 (panel c). d–f, Microscale heat 
modulation: partially covered electrodes with micropatterning for increased 
temporal temperature change (∂T/∂t) and pyroelectricity68 (panel d); localized  
surface plasmon resonance and metasurface-boosted temporal temperature 
change (∂T/∂t) for improved pyroelectricity69 (panel e); giant pyroelectricity 
(ppyro) tuned by 3D-to-2D dimensionality73 (panel f). g–i, Mesoscale heat 
regulation: electric field-driven polarization (PE) with aligned dipoles 
in pyroelectric thin films17 (panel g); multilayered capacitor-boosted 
pyroelectricity (ppyro)75 (panel h); micropore tailoring for decreased specific 

heat capacity (Cp) and increased pyroelectricity (ppyro)79 (panel i). The mesoscale 
specifies the dimension or field modulation at the mesoscopic device level. 
j–l, Macroscale thermal engineering: transverse pyroelectricity with large 
spontaneous polarization (PS) and temporal temperature change (∂T/∂t) gained 
from spatial heat decoupling16 (panel j); nonlinear thermal desalination with a 
high temperature (T ) and vapour saturation pressure (pvapour) through thermal 
concentration88 (panel k); thermo-fluid energy harvesting with the introduction 
of piezoelectric harvesters (for slowing down the velocity (u) of moveable fluids) 
and thermoelectric generators91 (panel l). Dashed light red blocks, nonlinear 
heat harvesting at applied electric, optical and/or thermal field modulations. 
Dashed light blue blocks, structure topology modulation of materials, devices or 
systems. ω, phonon frequency; κL, lattice thermal conductivity; ppyro, pyroelectric 
coefficient; PE, vector of electric field-driven polarization; PS, vector of 
spontaneous polarization; u, vector of velocity of movable fluids.
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displacement along the thickness direction in a 2D system has experi-
mentally demonstrated an augmented ppyro(T ) (ref. 73). Interestingly, 
this phenomenon is also observed in van der Waals layered In2Se3, 
quasi-van der Waals CsBiNb2O7 and ionic ZnO crystals. In theory, 
the achieved giant ppyro(T ) via dimensionality effects in nanomem-
branes is attributed to electron–phonon renormalization owing to 
thickness-dependent mean square displacement74. However, it is not 
yet fully clear how a and PS anisotropy change with thickness variation. 
Meanwhile, the competitive mechanism between the varied thickness 
and thermal penetration depth under laser heating is unexplored. 
In-depth examinations could ensure a precise measurement of ppyro(T ) 
and deepen the understanding of polarization evolution.

Mesoscale thermal nonlinearity
Aside from tailoring the material properties at atomic, nanoscale and 
microscale; at the mesoscopic level, the thermophysical output of 
pyroelectrics can be manipulated nonlinearly from the viewpoint 
of material porosity and device topology. Normally, the electrical 
and thermal transport behaviours of polar materials are related to the 
electric field vector E and topology at a given temperature. Explicitly, 
according to the pyroelectric fundamentals (Table 1), a large electric 
polarization change (or ppyro) can be achieved through thermodynamic 
cycles performed in the temperature–entropy (T–s) plane associated 
with the polarization–electric field (P–E) plane, which is also known as 
nonlinear pyroelectrics (the element of electric field-driven polariza-
tion PE ≠ 0)75. In other words, the harvested energy density (that is, the  
integral of electric polarization or dielectric displacement versus 
the electric field) of a pyroelectric device can be boosted by adopting 
a thermodynamic cycle (for example, Ericsson cycle or Olsen cycle) 
involving two isothermal and two isoelectric processes17,75,76. For 
instance, the introduction of an external E not only facilitates electric 
dipole moment (ferroelectric domain wall) alignment but also sup-
presses the dielectric response towards a large pyroelectric energy 
density77,78 (Fig. 3g). Moreover, electric field-driven dipole moment 
changes, together with multilayered capacitors (Fig. 3h), have been 
used in pyroelectric heat harvesting, engendering a joule-level energy 
output17,75. The reduction of dielectric thickness in multilayered capaci-
tors not only increases capacitance and E across a thin layer of active 
materials between two electrodes but also increases device density 
and packaging compatible with emerging electronics. Additionally, 
porosity tailoring at the mesoscale offers a viable solution to tune κL 
(or Cp) and E, especially for poled PVDF polymers. For example, com-
pared to commercial dense films, porous PVDF films exhibit a lower 
Cp, resistivity and a higher PS (Fig. 3i), which is beneficial for nonlinear 
thermal response towards specific applications79. These materials, 
referred to as porous-architectured materials in ferroelectrics80,81 and 
thermoelectrics82, are burgeoning research topics that synergistically 
integrate mechanical and thermal nonlinearity with cost-effectiveness 
for sustainable energy harvesting. Nonetheless, maintaining an ultra-
high E across ultrathin films may result in ferroelectric fatigue owing 
to charge injection, dielectric breakdown and current leakage83. 
Addressing the sustainability of electric field-driven polarization 
and minimizing current leakage after numerous thermal cycles 
remains challenging.

Macroscale thermal nonlinearity
In prototype-scale or system-level heat harvesting, thermal nonlinearity 
is also crucial for manipulating heat and mass transport towards match-
able energy flow between the thermal sources (which may be non-flat or 

curved, vibrational or quasi-static) and energy harvesters. Non-static 
waste heat can be efficiently converted into electricity using transverse 
pyroelectricity of polar materials (Fig. 3j). For example, incoming solar 
heat is confined at a hotspot to trigger thermal rippling from the irra-
diated area to the circumjacent regions across the in-plane direction, 
leading to giant polarization ripples and pyroelectric dipole moment 
changes16,84. In other words, the spatial decoupling of heat generation 
from its transverse propagation offers a synergistic increase in ∂T/∂t 
and ppyro(T ) around the TCurie, leading to a fivefold increase in η compared 
to conventional designs16,84,85. Owing to the spatiotemporal tuneability 
of T(x,y,z,t) through the deployment of asymmetrical configurations 
with inhomogeneous κ, the large ∂T(x,y,z,t)/∂t makes it possible to 
increase PS by approximately 900% compared to conventional designs. 
These optically and thermally configured heat harvesting devices also 
offer feasibility for modular and prototype integration towards a high 
PD of 38 mW m−2 at 1 sun illumination, comparable to solar organic 
thermoelectrics47,49 and ferro-photovoltaics86,87.

In addition, thermal nonlinearity has been adapted in environmen-
tal waste heat recovery owing to the nonlinear FOMs of heat harvesting 
materials (Fig. 2a). For instance, a layered solar absorber-regulator with 
a distributed hole layout is capable of thermally concentrating heat flow 
for localized water boiling (100 °C) and steam generation with a peak 
efficiency of 73% (ref. 88) (Fig. 3k). These results are mainly ascribed  
to the thermal design at the water–air interface that not only maximizes 
the volume of air for vapour diffusion per distributed circular slot but 
also contributes to thermal concentration and localization alongside 
the exponential pvapour(T ) (refs. 15,89,90) (Fig. 2a). As a result, the overall 
mevp during the nonlinear process is far beyond that of the conventional 
bulk solar vapourization (Fig. 2b).

In another approach, owing to the thermal nonlinearity observed 
in the thermodynamic cycles of a thermo-fluid system (Fig. 3l), seg-
mented mechanical and thermal energy harvesters can modulate the 
thermophysical properties (T(x,y,z,t) and velocity vector of movable 
fluid u) of waste thermo-fluid via radial piezoelectric devices. This 
modulation facilitates heat conduction to annular thermoelectric 
generators, resulting in an increased PD of 158% (ref. 91). Nevertheless, 
the macroscopic thermal stability, durability, strain distribution and 
techno-economics of prototype-scale heat harvesting systems under 
nonlinear processes need further study.

Synergy of scale-to-scale thermal nonlinearity
Compared to heat harvesting strategies through thermal manipulation 
on a single scale, the synergy of scale-to-scale thermal nonlinearity in 
conjunction with applied multiphysical fields at a steady or transient 
state could be more effective in maximizing energy efficiency and mini-
mizing carbon footprint. However, the low transferability and scalability 
of exceptional FOMs gained at the nanoscale make device implementa-
tions with macroscale temperature nonlinearity challenging both in 
spatial and temporal domains. Fortunately, using dual (or multiple) 
thermal nonlinearities — such as micro or nanofabrication combined 
with macroscale device topology52,92 (Fig. 3c,k), mesoscale thinning 
alongside electric poling8,75 (Fig. 3g,h) and microscale dipole moment 
shifts coupled with macroscale thermal decoupling73 (Fig. 3f,j) — has 
been demonstrated to boost thermoelectric and pyroelectric PD by one 
to two orders of magnitude. These strategies outperform approaches 
that solely rely on nanoengineered materials or micropatterned elec-
trode configurations. These advances are mainly attributed to the syn-
ergistic increase of T-dependent FOMs alongside ∂T/∂x or ∂T/∂t that 
differ from the sum of benefits from each nonlinearity individually.
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To quantify how specific nonlinearities and scale manipulations 
advance the potential improvements and implications of heat harvest-
ing technologies, detailed output increments alongside the technology 
readiness level (TRL) are tabulated in Table 2. TRL is a measurement of 
the maturity of a particular technology ranging from level 1 (basic prin-
ciples observed) to level 9 (actual system proven through successful 
operations). Notably, a substantial output enhancement of up to one 
to two orders of magnitude (consistent with Fig. 2b) can be achieved 
at the prototype level with technological feasibility (TRL ≥ 5) through 
the implementation of micro-to-macroscale and scale-to-scale ther-
mal nonlinearities. More importantly, in view of techno-economics 
and sustainability (Table 3), increasing PD via rational thermal design 
in heat harvesting materials and devices leads to a reduction of raw 
material usage, electricity consumption and carbon emission dur-
ing manufacturing of materials or device. This approach provides an 
unexpected but feasible solution to align synthesis of materials, device 
co-design, and system integration across multiscale thermal nonlin-
earities, thus, promoting sustainable and affordable heat harvesting 
that goes beyond nonlinear systems.

Outlook
To advance the future of nonlinear heat harvesting, it is essential to 
address the following key challenges.

The correlation between structure topology and  
physical transport
The giant changes in thermophysical properties of heat harvesting 
materials typically occur around TCurie owing to temperature-driven 
phase transitions. Examples include the sharp increase in ppyro resulting 

from the FE–PE phase transition, the variation in magnetic entropy 
around TCurie during the FM–PM phase transition, and the unusual 
change of S(T ) and Cp(T ) owing to low-to-high-T structural phase 
transition. Therefore, to improve heat harvesting performance, it is 
recommended to capture waste heat around TCurie and exploit phase 
transitions8,75.

Unfortunately, striking a delicate balance between material can-
didates and complementary thermal sources is challenging. First, the 
thermal and electrical transport properties of materials are 
T-dependent and correlated with crystal structures93–96. As such, 
improving η necessitates exploring phase transition theories to 
decrease the TCurie to near room temperature75, sustain the built-in 
electric field across Schottky interfaces around TCurie (ref. 95), or 
develop multiple phase transitions (or TCurie) over a wide temperature 
range17, especially for temporal or non-static heat harvesting (for exam-
ple, in pyroelectrics or thermomagnetics)97. For spatial or thermoelec-
tric heat harvesting, the charge current is generated in the direction 
of ΔT (the longitudinal Seebeck effect), wherein the inevitable thermal 
and electrical contact at the hot side results in low η and stability. Some 
key challenges include but are not limited to pushing the S(T) beyond 
the theoretical limit predicted by the Goldsmid–Sharp equation (that 

is, S T( ) ≈
E

Tmax 2e
g

max
) (ref. 98); maintaining a high average power factor 

or ZT over a wide temperature range (at a given ΔT) with appropriate 
carrier concentration99,100; and transitioning thermoelectric heat har-
vesting in the absence of hot-side contact technology (or junctionless 
topology), for example, by generating the charge current in the per-
pendicular direction of ΔT alongside an applied magnetic field (known 
as transverse thermoelectricity)101,102. In addition, the electrothermal 

Table 2 | State-of-the-art nonlinear heat harvesting technologies with quantitative output increments

Thermal nonlinearities Technologies Thermal field Method or mechanism Nonlinear FOM Output 
increment

TRLa 
(1–9)

Atomic and nanoscale Pyroelectric Temporal Nonlinear phononics59 ω~T Unknown 1

Resonance vibration34 ppyro, κ 2.8 (ppyro) 3

Thermoelectric Spatial Staggered layers52 S, σ, κ 0.8 (ZT) 5

Microscale Pyroelectric Temporal Micropatterning68 ∂T/∂t 10.8 (PD) 4

Metasurfaces69 ∂T/∂t, ppyro Unknown 4

Dimensionality73 ppyro, κ 105.7 (FOM) 2

Mesoscale Pyroelectric Temporal Electric poling17,75 PE 4.5 (ppyro) 8

Multilayered capacitors75 ppyro, κ 13.0 (PD) 7

Pore tailoring79 ppyro, κ 0.7 (FOM) 4

Thermoelectric Spatial Geometric printing92,142,143 n, κ, ΔT 1.3 (PD) 5

Macroscale Pyroelectric Temporal Transverse heat rippling16 ∂T/∂t, PS 5.4 (PD) 6

Thermal desalination Spatial Thermal regulation15,88 T, pvapour >0.5 (η) 7

Thermoelectric Spatial, temporal Force–heat coupling91 u 1.6 (PD) 6

Scale-to-scale Pyroelectric Temporal Electric poling and multilayered 
capacitors75

PE, ppyro, κ >30 (PD) 6

Thermoelectric Spatial Nanoscale and macroscopic thermal 
designs52

κ, ΔT 3.2 (PD) 5

κ, thermal conductivity; n, carrier concentration; η, energy efficiency; σ, electrical conductivity; ω, phonon frequency; FOM, figure of merit; PD, power density; PE, vector of electric field-driven 
polarization; ppyro, pyroelectric coefficient; pvapour, vapour saturation pressure; S, Seebeck coefficient; TRL, technology readiness level; u, velocity vector of movable fluids; ZT, thermoelectric 
figure of merit. aThe TRL of heat harvesting technologies is quantified in the consideration of technology, product development, product definition or design, competitive landscape, team, 
go-to-market, and manufacturing or supply chain, according to TRL calculators and self-assessment tools119,144.
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response and evolution of heat harvesting materials at multiple scales 
under phase transitions need to be examined.

Dominant factor in enhanced nonlinear heat harvesting
From the perspective of thermodynamic energy conversion, the η 
of a heat engine consists of two components, that is, η = ηCarnotηr. The 
former is determined by the initial and boundary conditions, whereas 
the latter is known as the irreversibility of heat engines (relative Carnot 
efficiency or reduced efficiency) and is governed by the thermophysi-
cal metrics or FOMs of materials and device architectures. Because 
most heat harvesting materials have a non-centrosymmetric structure, 
the performance metric is asymmetric and varies substantially in the 
structure orientations and in-plane or out-of-plane directions103,104. 
Therefore, especially for nonlinear processes, it is necessary to quantify 
the different contributions to the net η (such as FOMs, the intensity of 
∂T/∂x or ∂T/∂t, and anisotropy) to identify the dominant factors for 
flexibly and sustainably manipulating the transport properties of the 
working media in a heat harvesting system. This quantification can 
be achieved through various means, including performing multiscale 
modelling and computation to understand the transport kinetics of 
energy carriers (such as phonons, electrons and ions), probing ultrafast 
interaction phenomena between electrons and phonons with multidi-
mensional (four-dimensional) high-resolution microscopy, conducting 
multiphysical measurements in different orientations or directions, 
monitoring T(x,y,z,t) evolution in both spatial and temporal domains, 
and excluding non-primary or secondary effects. These clarifications 
could bridge the physical understanding between transport fundamen-
tals and experimental implementations of heat harvesting materials 
for boosted thermophysical output and on-demand applications.

Physics-guided machine learning for advanced synthesis of 
materials and device co-design
Traditionally, synthesis of materials and device co-design are trial-and-
error and focused on empiricism. This approach restrains the discov-
ery of new materials and makes device fabrication time consuming, 
cost-ineffective and unsustainable. Fortunately, prediction and syn-
thesis of materials may be reshaped by the use of quantum theory, 
geometric theory, cross-scale computing, multiphysical field model-
ling, machine learning, and databases of materials from the literature. 
These approaches open new doors for the design of artificial materials 
with extreme properties beyond those of natural materials105,106, the 
optimization of material synthesis processes with cost-effectiveness 
and scalability in mind107, and the development of device performance 
with adaptiveness and diversification63. On one hand, physics-assisted 
modelling with multiphysical field decoupling at multiple scales pro-
vides valuable guidelines for device co-design. For example, all-scale 
hierarchical architectures or high-entropy engineering for full-spectrum 
phonon scattering108,109, non-unity and/or non-cuboid topology design 
for decoupled macroscopic thermal and electrical transport63,92, interface 
engineering for thermal and strain fatigue resilience110,111. On the other 
hand, machine learning, phase diagram calculation and high-throughput 
computation offer an in-depth understanding of structure–property 
correlations, unlocking new possibilities beyond classical mechanics 
and conventional empirical-centralized or semi-empirical approaches. 
Examples include data-driven prediction of new thermoelectric 
materials112–115, screening search for thermal interface materials111,116, 
and inverse design of multiphysical metamaterials and devices105,117,118. 
The synergy between physics-guided modelling and machine learn-
ing presents a positive feedback loop, accelerating the manufacturing 

Table 3 | Contribution of nonlinear heat harvesting towards the UN SDGs

UN SDGs Relevant targets145 Technology-led innovations Solutions

6.1: Safe and affordable drinking water, 6.3: Improve water 
quality, wastewater treatment and safe reuse, 6.4: Increase 
water-use efficiency and ensure freshwater supplies, 6.7: Expand 
water and sanitation support to developing countries

Thermal desalination for affordable drinking 
water supplies14,64; solar steam generation 
for high-temperature and high-pressure 
sanitation146

Thermal-driven water-energy 
harvester64; high-temperature, 
high-pressure solar steam 
generator146

7.2: Increase global percentage of renewable energy, 7.3: Double 
the improvement in energy efficiency, 7.4: Promote access to 
research, technology and investments in clean energy

Nonlinear pyroelectrics for temporal 
waste heat harvesting16,75; non-unity 
thermoelectrics for spatial waste heat 
recovery63

Transverse pyroelectric generation 
system16; temperature-adaptive 
radiative coating26; modular and 
flexible thermoelectric device63; 
climate-resilient non-planar energy 
harvester849.1: Develop sustainable, resilient and inclusive infrastructures, 

9.2: Promote inclusive and sustainable industrialization, 9.4: 
Upgrade all industries and infrastructures for sustainability, 9.5: 
Enhance research and upgrade industrial technologies

Waste energy harvesting for buildings 
using pyroelectrics, thermoelectrics 
and triboelectrics84; zero-carbon or 
zero-energy buildings with the use 
of climate-resilient water and energy 
harvesting technologies26,147; spatially 
spectrum-selective solar absorption 
and reflection for thermoelectric heat 
harvesting52; geometric heat transfer 
with reduced material usage and 
electricity consumption towards lab-to-
industry sustainable manufacturing, 
decarbonization, and environmental, social 
and governance (ESG) response63; scalable, 
low-cost, eco-friendly polar materials for 
transverse pyroelectric heat harvesting84

11.3: Inclusive and sustainable urbanization, 11.6: Reduce the 
environmental impact of cities, 11.a: Support least developed 
countries in sustainable and resilient building

12.2: Sustainable management and use of natural resources, 
12.5: Substantially reduce waste generation, 12.6: Encourage 
companies to adopt sustainable practices and sustainability 
reporting

13.1: Strengthen resilience and adaptive capacity to 
climate-related disasters, 13.2: Integrate climate change 
measures into policy and planning

Icons reproduced from United Nations Sustainable Development Goals (UN SDGs): https://www.un.org/sustainabledevelopment/. The content of this publication has not been approved by the 
United Nations and does not reflect the views of the United Nations or its officials or Member States.

http://www.nature.com/natrevphys
https://www.un.org/sustainabledevelopment/


Nature Reviews Physics | Volume 6 | December 2024 | 769–783 780

Perspective

of materials and devices towards the development phase of emerg-
ing heat harvesting technologies from a scientific or technological  
point of view119.

Large-scale device fabrication and integration
To sustain milliwatt-level consumer electronics or kilowatt-scale daily 
power supply through waste heat harvesting, advanced device fabri-
cation with integrated mature technologies (TRL ≥ 6) is essential120,121. 
Recent advances in additive manufacturing have made it possible to fab-
ricate architected materials and structures (such as metamaterials and 
metastructures) with κ beyond that of natural materials (23 mW m−1 K−1 
(air) to 429 W m−1 K−1 (silver)). According to the macroscopic heat trans-
fer equation, T(x,y,z,t) can be manipulated via active thermal convection 
(movable fluids) or passive thermal resistance (variable heat transport 
area). These artificial thermal conduction phenomena with an effective κ 
of up to 1915 W m−1 K−1 have been experimentally demonstrated through 
the deployment of thermal metamaterials122–124. Moreover, guided by the 
effective medium theory, ultralow κ close to the air has been achieved 
in architected or porous air-filled materials, owing to the lattice archi-
tecture design and additive manufacturing. The ultrahigh or ultralow 
κ achieved in thermal metamaterials and metastructures offers a new 
avenue not only for manipulating the transport kinetics of working 
media (such as electrons, phonons and so on) in thermodynamic heat 
engines but also for modulating the intensity of ∂T/∂t and ∂T/∂x. For 
instance, architected thermoelectric legs with macroscopic thermal 
designs increase thermal resistance while lowering electrical resistance,  
thus, substantially boosting PD at a consistent thermal input92,125.

However, the challenge lies in transitioning these proof-of-concept 
technologies (TRL ≤ 3) from the laboratory into industrial production 
(TRL ≥ 7), necessitating physical modelling and techno-economic 
analysis. For example, segmented and architected thermoelectrics have 
demonstrated high η, but the path to mass production (for instance, via 
current Bi2Te3 manufacturing technologies) needs further exploration, 
such as validation of manufacturing compatibility and adaptiveness 
for on-demand physical layouts, mathematical formulation of fatigue 
analysis and service lifetime prediction. In addition, thermal and/or 
optical concentration introduces intricacy and instability into solar 
heat harvesting systems, and there is a need to investigate how to 
upgrade the heat quality via concentration-free designs (such as opti-
cal or thermal metasurfaces123,126, or mechanical metamaterials125,127,128) 
both in fundamentals and experiments. Meanwhile, integrating heat 
harvesting technologies in tandem with other energy storage sys-
tems and circuit interfaces (synergy and complementarity across 
multiple energy resources) could stabilize electrical output and 
overcome the intermittency and variability of environmental waste  
thermal sources.

Techno-socioeconomic sustainability of nonlinear  
heat harvesting
The ultimate goal of nonlinear heat harvesting is to fundamentally and 
techno-economically advance the energy transition from fossil fuels 
to renewable and sustainable energy sources at an industrial scale 
by using clean energy technologies. To date, thermoelectric devices 
with Bi2Te3 materials have been commercialized and found practical 
implications in environmental waste heat recovery, in the form of body 
heat129–131, automotive exhaust waste heat132,133 and waste thermo-fluids 
of industrial factories91. Unfortunately, the cost-effectiveness of ther-
moelectric devices is still limited by raw materials that are expensive 
(approximately US$110 kg−1 for bismuth telluride) and of low abundance 

(0.2 ppm in bismuth, 0.001 ppm in telluride and 0.2 ppm in anti-
mony, by weight)134,135, by low-efficient device configurations63 and 
by inadaptable heat exchangers136.

For pyroelectric heat harvesting, the cost of raw materials, the  
attainability of thermal cycling, and the adaptability of TCurie ver-
sus the temporal thermal source are crucial for maximizing cost- 
effectiveness. Currently, pyroelectrics materials are primarily limited 
to ceramic oxides (such as PZT and lead magnesium niobate–lead titan-
ate) and polymers (such as PVDF-based fluoropolymers, copolymers 
and terpolymers)7,85. Among them, β-PVDF, which is synthesized via 
commercial technologies (such as sol-gel and spin-coating methods) 
with tailorable ferroelectricity and compliance with restriction of haz-
ardous substance or lead-free regulations, offers potential scalability 
and sustainability for low-grade waste heat harvesting.

For passive thermal cycling, solar-heat manipulators (such as pla-
nar thermal or optical lens)16, thermal metasurfaces (micro-structured 
selective light absorbance or emittance)69 and phase-change metama-
terials with T-dependent absorbance (such as vanadium dioxide)26 are 
promising ways to maximize the intensity of ∂T/∂t.

Transforming clean energy technologies from laboratory to industry 
and meeting the UN SDGs demands a collaborative and collective effort 
involving academia, industry and policymakers (environmental, social 
and governance (ESG)). Aligning technology priorities with ESG investing, 
energy policy and local climate targets, especially in developing countries 
and remote regions, is crucial. For instance, achieving a comprehensive 
physical estimation of the techno-socioeconomic aspects, carbon foot-
print and energy savings associated with the deployment of non-unity 
topologies in the thermoelectric industry is essential.
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