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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Novel representation of thermodynamic laws through radius rotation in a circle.

■   Geometric parameters effectively describe system performance at all scales.

■   Coupled analysis method applicable across various energy conversion devices.

■   New dimension enables insights into multi-energy conversion processes.
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Thermodynamic graphical methods are useful tools for visualizing thermo-
dynamic state  equations  and  are  widely  applied  in  the  design  and  opti-
mization of  thermodynamic  systems.  However,  the  integration  of  renew-
able  energy  and  thermal  storage  systems  introduces  finite  heat  capacity
characteristics,  resulting  in  continuous  dynamic  variations  in  system
performance,  which  poses  challenges  to  existing  graphical  methods.  To
accurately describe  system  performance  under  dynamic  boundary  condi-
tions, this study investigates the continuous analysis characteristics of the
Energy-Energy (E-E) diagram. Based on the ideal gas model, mathematical
expressions for  thermal  and  mechanical  energy  are  derived,  and  system-
atic  comparisons  between E-E and  Temperature  (T)-Entropy  (s)  diagrams
under finite heat capacity conditions are conducted,  elucidating the intrin-
sic relationships among geometric parameters, initial boundary conditions,
and  system  performance.  Through  parametric  analysis,  we  reveal  that
increasing  the  initial  heat  reservoir  temperature  from  500  K  to 1500 K
enhances the energy conversion potential,  with the rotation angle increas-
ing from 20.77° to 37.15°. Additionally, increasing the heat reservoir to cold
reservoir  capacity  ratio  results  in  a  decreased  rotation  angle,  indicating
lower  efficiency.  The E-E diagram  achieves  visualization  by  analogizing
energy conversion processes to the rotational motion of a radius in a circle.
Compared to the T-s diagram, it employs lines and slopes instead of areas
and  area  ratios,  exhibiting  advantages  in  analyzing  varying  boundary
conditions.  This  complementary  coupling  provides  a  new  perspective  for
describing  dynamic  energy  conversion  processes  in  thermodynamic
systems.
 

INTRODUCTION
Energy conversion is an inevitable process of power generation and energy

storage.1-3 With the rapidly increasing demand for environmental sustainabil-
ity,  there  is  a  need  of  transition  from  a  high-carbon  era  to  a  low-carbon  or
even  zero-carbon  era.4,5 Utilizing  renewable  energy  is  an  effective  way  to
achieve  energy  savings  and  carbon  reduction,  and  the  energy  conversion
pathway is one of the critical factors for the efficient utilization of renewable
energy.6 Taking the solar-powered hydrogen production process via hydroly-
sis as an example, solar energy can be used directly for photocatalytic water
splitting,  converted into electrical  energy for electrolysis,  or transformed into
thermal  energy  for  high-temperature  thermolysis  to  produce  hydrogen.7-9 In
different  energy  conversion  pathways,  the  evolution  of  system  irreversibility
varies,  which  has  a  significant  impact  on  the  operational  efficiency  of  the
components.10,11 The key to high efficiency utilization of renewable energy lies
in  achieving  cascaded  energy  utilization  during  the  energy  conversion
process.12,13

To  explore  the  intrinsic  relationships  between  operating  parameters  and
the  performance  of  energy  conversion  devices,  graphical  methods  offer  an
effective  approach  and  have  been  widely  applied  in  fields  such  as  thermal
power  generation,14,15 refrigeration  and  heat  pump  systems,16,17 fluid  heat
transfer processes18-21 and energy storage technologies.22-25 These graphical
methods serve two main categories: First,  diagrams representing character-
istic  parameters  and  dimensionless  parameters,26-29 where  changes  in
geometric features like angles and slopes help assess the fluid physical and
flow characteristics. Second, thermodynamic state parameters (e.g. temper-
ature-entropy,  pressure-volume,  and  pressure-enthalpy  diagrams),  which
effectively  visualize  fundamental  thermodynamic  state  equations,  enable
comparison  between  ideal  and  actual  heat-work  conversion  devices,  and

facilitating  the  analysis  of  energy  conversion  irreversibility.  Such  methods
form  the  basis  for  guiding  the  structural  design.30-32 Moreover,  a  defining
feature of thermodynamic graphical methods is that the two coordinates are
the decomposing parameters from the thermodynamic process parameters,
that  is,  an  intensive  parameter  and  an  extensive  parameter  respectively.33-35

By integrating the changes between these parameters (area), expressions for
heat and work quantities are derived, after which system performance can be
evaluated  by  comparing  the  areas.  Similarly,  for  other  forms  of  energy
conversion,  such  as  chemical-to-electrical  energy  or  thermal-to-chemical
energy,  the  thermodynamic  process  parameters  can  also  be  decomposed
and  used  as  coordinates  in  graphical  analysis.36,37 However,  these  graphical
methods are primarily used for analyzing steady-state processes.

For  a  dynamic  boundary,  such  as  the  sensible  heat  storage  or  release
process in a Carnot battery's thermal storage tank,38,39 the temperature of the
storage medium continuously changes during operation lead to the change in
the working  fluid's  state  within  the  thermodynamic  cycle.  Using  thermody-
namic  state  parameter  graphical  methods  to  illustrate  system  performance
variations will  result  in  discontinuities  in  the  area,  making  it  difficult  to  intu-
itively  represent  the  performance  variations  of  the  heat-work  conversion
process. Therefore, existing studies prefer to choose temperature (T)-entropy
(s)  diagram  at  specific  moment  for  graphical.  However,  this  method  often
overlooks the variations in pinch point locations during the phase change of
cold/hot  reservoir  and  fails  to  demonstrate  the  ideal  performance  changes
throughout the entire heat power conversion process. These limitations have
become  increasingly  significant  as  thermodynamic  systems  increasingly
incorporate dynamic thermal storage processes and renewable energy inte-
gration. There is therefore an urgent need for new graphical  methods capa-
ble  of  analyzing  energy  conversion  processes  under  dynamic  boundary
conditions,  particularly  for  optimizing  the  design  and operation  of  advanced
energy storage and conversion systems.

As previously mentioned, thermodynamic process parameters are continu-
ous integrals of state variables. When using process parameters as the coor-
dinates for graphical analysis, the area representing the process parameters
can  be  reduced  dimension  to  a  line,  which  holds  great  potential  for  system
performance characterization under dynamic boundary conditions. Based on
this, in this study, we focus on the Energy-Energy (E-E) diagram, which visu-
alizes the energy conversion process from a system energy perspective.  By
analogizing the energy conversion process to the rotation of a circle's radius,
the  rotational  angle  is  correlated  with  energy  conversion  efficiency.  To
demonstrate  the  application  of  the E-E diagram,  the  conversion  between
thermal  energy  and  mechanical  energy  is  used  as  an  example  for  analysis,
with a comparison of the advantages and disadvantages of the E-E diagram
and the T-s diagram. Additionally, the different of graphical geometry param-
eters in the E-E diagrams under varying initial thermal reservoir temperatures
and  different  initial  energy  distributions  are  also  investigated.  The E-E
diagram offers a novel perspective for the design and optimization of energy
conversion processes. 

METHODS
Principles of E-E diagram. To gain a deeper understanding of the charac-

teristics  of  graphical  methods  under  dynamic  boundary  conditions,  the E-E
diagram40 is selected as the research object. Compared to the existing graph-
ical method that use fundamental thermodynamic state parameters as coor-
dinates,  the E-E diagram  is  a  graphical  method  from  the  perspective  of
energy distribution,  which  is  taking  the  different  forms  of  energy  as  coordi-
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nate parameters, as shown in Figure 1. According to the 1st Law of Thermo-
dynamics,  when  energy  is  converted  between  any  two  basic  energy  forms
(thermal  energy,  mechanical  energy,  chemical  energy,  and  electrical  energy,
etc.),  the  total  energy  involved  in  the  conversion  process  (Etotal)  remains
constants.  That  is  to  say,  energy  can  only  transform  from  one  form  (E1)  to
another form (E2) without disappearing or appearing out of nowhere. Interest-
ingly,  a  similar  characteristic  can  be  found  in  the  geometric  structure  of  a
circle,  where  the  radius  length  (r)  remains  constant  during  rotation,  and  the
rotation  degree  can  be  represented  by  the  rotation  angle  (θ)  of  the  circle.
Therefore,  based  on  this  characteristic,  the  energy  conversion  process
presents  in  the E-E diagram  can  be  viewed  as  the  rotational  process  of  a
radius around a circle, that is, Etotal=r, and the trajectory of the energy conver-
sion process continuously changes along the red arc. For the system state of
starting  point  (point a)  and  the  ending  point  (point b)  in  energy  conversion
process, the rotation angles (θa and θb) are different, thus representing differ-
ent  system  energy  distributions.  It  is  worth  mentioning  that,  according  to
trigonometric functions, the coordinates of points a and b are (rsinθa, rcosθa)
and (rsinθb, rcosθb) respectively. The sum of the horizontal and vertical coor-
dinates  of  system  state  is  not  equal  to r,  but  equal  to r(sinθ+cosθ),  which
indicates that the coordinates of system state are not equal to the system's
energy distribution but  are the energy distribution multiplied by a coefficient
(ψ)  related  to θ (ψ=sinθ+cosθ).  Hence, E1 and E2 can  be  expressed  by  the
geometric  parameters  on  the E-E diagram,  as  shown  in  Equations  (1)-(2).
Then the coordinates of points a and b can be rewritten as (E2,aψa, E1,aψa) and
(E2,bψb, E1,bψb). 

E1 =
rcosθ
ψ

(1)
 

E2 =
rsinθ
ψ

(2)

For energy distribution of the system, the relationship between E1 and E2 is
satisfies Equation (3), which presents as a line with a slope (k) of -1 on the E-
E diagram (blue dashed line). Moreover, for any system state point a, it lies on
the same straight line as the energy distribution point a'  and the center of a
circle O, meaning that point a' is a point on the radius ra. This is because, for a
given θ,  the  ratio  of  the  horizontal  coordinate  to  the  vertical  coordinate  for
both points a and a' is equal to the tangent of θ (tanθ), indicating a geometric
relationship between the blue dashed line and the red arc, as shown in Equa-
tion (4). 

E1 +E2 = Etotal (constant) (3)
 

tanθ=
E2

E1

(4)

To quantitatively evaluate the efficiency of the conversion from E1 to E2, the
energy conversion efficiency (ηcon) is commonly used, which is defined as the
ratio  of  the  conversion  energy  (ΔE1)  to  the  initial  energy  (E1).  Furthermore,
according to Equations (1)-(2), ηcon can be described using geometric param-
eters, as shown in Equation (5). Moreover, since the ratio of cosθb to ψb is a
monotonically  decreasing  function  within  the  interval  [0,  90°].  Therefore,
under  the  same  initial  energy  distribution,  the  higher  the θb,  the  higher  the
ηcon.  For  different  sets  of  energy  conversion  devices,  the  energy  conversion
efficiency  of  the  system  can  be  intuitively  comparison  through  the  rotation
angle of the E-E diagram. 

ηcon = 1− 1+ tanθa

1+ tanθb

(5)

Graphical representation of the energy conversion from thermal energy to
mechanical energy. Among various forms of energy, the conversion between
thermal energy and mechanical energy is the most commonly seen process.
To gain a deeper understanding of the characteristics of the E-E diagram, the
process  of  thermal  energy  (ET)  converted  into  mechanical  energy  (EM)  is
taken  as  an  example  to  explored,  as  shown  in Figure  2A.  Ideally,  the  heat-
work conversion of an ideal gas is through the expansion of gas. The energy
conversion system requires at least a heat reservoir (EH), a cold reservoir (EC),

and  a  mechanical  energy  storage  reservoir.  During  energy  conversion,  a
portion of the high energy grade of thermal energy (ΔEH) in the heat reservoir
is converted into mechanical energy (ΔEM),  while the remaining unconverted
thermal  energy  is  transferred  into  the  cold  reservoir  (ΔEC).  As  these  three
reservoirs form an isolated system, the total energy within the system (Etotal)
remains constant. Moreover, due to the infinite heat capacity of the ideal gas
in the  heat  and  cold  reservoirs,  the  temperature  within  the  reservoirs  varia-
tions as the energy conversion process progresses.

ET = EH+EC

In an energy conversion system, thermal energy consists of two reservoirs:
a  heat  reservoir  and  a  cold  reservoir.  Therefore,  according  to  the  energy
balance  equations,  can  be  obtained.  Moreover,  the  thermal
energy of ideal gas is related to the mass and specific enthalpy,35 as shown in
Equations (6)-(7). 

EH =mHhH (6)
 

EC =mChC (7)

where mH and mC are  the  mass  of  ideal  gas  in  high-temperature  reservoir
and  low-temperature  reservoir  respectively; hH and hC are  the  specific
enthalpy  of  ideal  gas  in  high-temperature  reservoir  and  low-temperature
reservoir respectively. For an ideal gas, h is solely related to the specific heat
capacity  at  constant  pressure  (cP),  the  absolute  temperature  (T),  and  the
reference temperature (T0),41 as expressed in Equation (8). 

h= cP (T−T0) (8)

1
2
kBT

u= 3
2
NAkBT= 3

2
RT

cv =
(

du
dT

)
v

cP−cv = R

The  value  of cP depends  on  the  type  of  ideal  gas.  For  an  ideal  gas
composed of  monoatomic  particles,  each  atom  has  three  degrees  of  free-
dom.  According  to  the  equipartition  theorem,42 the  kinetic  energy  for  each
degree of freedom is  (where kB is the Boltzmann constant, 1.380649×10-

23 J/K).  Moreover,  according  to  the  definition  of  internal  energy
( ),  the  definition  of  specific  heat  capacity  at  constant
volume ( ) and the Mayer’s relation43 ( ), cP can be derived,
as shown in Equation (9). 

cP =
5
2
R (9)

For mechanical energy storage reservoir, EM is related to the pressure (PM),
specific volume (vM), and the mass of ideal gas in storage reservoir (mM),44 as
expressed: 

 

Figure 1.  Principles of E-E diagram
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EM =mMPMdvM (10)

As the heat-work conversion progress, the energy distribution correspond-
ingly varies. For a reversible system with finite heat capacity, the global ther-
mal  efficiency  (ηtherm,global)  is  related  to  the  average  temperature  of  the  heat
reservoir (TH,ave) and cold reservoir (TC,ave) due to the varying temperatures, as
shown  in  Equation  (11).  Similarly,  in  any  moment  of  energy  conversion
process,  the  local  thermal  efficiency  (ηtherm,local)  is  related  to  the  local  heat
reservoir  temperature  (TH,local)  and  the  local  cold  reservoir  temperature
(TC,local),  as expressed in Equation (12).  It’s  worthy to mention that  when the
temperature of  the heat  reservoir  (TH,end)  equals  the temperature of  the cold
reservoir (TC,end), the energy conversion process reaches the upper limit. 

ηtherm,global = 1− TC,ave

TH,ave

(11)
 

ηtherm,global = 1− TC,local

TH,local

(12)

According  to  the  definition  of  entropy,45 TH,ave and TC,ave can  be  expressed
as: 

TH,ave =

sH,endr
sH,ini

THdsH

sH,end−sH,ini

(13)
 

TC,ave =

sC,endr
sC,ini

TCdsC

sC,end−sC,ini

(14)

where sH and sC are the specific entropy of heat reservoir and cold reservoir
respectively; sH,end and sH,ini refer to the specific entropy of the heat reservoir
at  the  ending  state  and  initial  state,  respectively; sC,end and sC,ini refer  to  the
specific  entropy  of  the  cold  reservoir  at  the  ending  state  and  initial  state,
respectively; Moreover, according to the Clausius inequality,45 for a reversible

process,  the  total  entropy  variation  of  the
system  (dSsystem) during  energy  conversion
process is 0. Therefore, based on this charac-
teristic,  the  energy  distribution  of  the  system
at any moment can be calculated.

Through the  above  mathematical  descrip-
tion,  the  energy  distribution  of  the  system  on
the ET-EM diagram  can  be  determined,  as
shown in Figure 1B.  According to the 2nd Law
of  Thermodynamic,  there  is  an  upper  limit  of
energy  conversion  when  thermal  energy  is
converted  into  mechanical  energy,  that  is,  the
Carnot  cycle.  Therefore,  the  thermal  energy
within  the  system  cannot  be  fully  converted
into mechanical energy. Moreover, in the heat-
work conversion process,  there is only energy
transfer  between  the  heat  reservoir  and  cold
reservoir  without  any  mass  exchange,  where
the enthalpy of the ideal gas variation continu-
ally within  the  heat  reservoir  and  cold  reser-
voir,  corresponding  in  the  change  of  reservoir
temperature.  As  a  result,  the  temperature
difference between  two  reservoirs  continu-
ously varies,  leading  to  the  local  thermal  effi-
ciency  (ηCarnot,local)  change  accordingly.  To

more  comprehensively  describe  the  efficiency  variations  during  the  heat-
work  conversion  process,  the  variation  of  energy  in  heat  reservoir  with  the
increasing  mechanical  energy  is  adding  in  the ET-EM diagram,  as  shown  by
the blue curve in Figure 3C. For any point on the curve, the slope (k) is equal
to  the  ratio  of  the  reduction  in  heat  reservoir  (ΔEH,local)  to  the  increase  in
mechanical energy (ΔEM,local), both of which are the parameters of consisting
ηtherm,local.  Therefore, ηtherm,local can be  represented  by  the  geometry  parame-
ters on the E-E diagram, which can revised from Equation (12)-(15). 

ηtherm,local =−1
k

(15)

Another noteworthy characteristic in the curve is that the vertical and hori-
zontal  distances between the start  and end points represent the variation in
the heat reservoir  capacity (ΔEH,global)  and the increase in mechanical energy
(ΔEM,global),  respectively.  The  ratio  of  these  two  distances  constitutes  the
global thermal efficiency (ηtherm,global). According to trigonometric relationships,
this  value  precisely  corresponds  to  the  tangent  of  the  angle ω.  Therefore,
ηtherm,global can also be expressed using the geometric parameters on the E-E
diagram, as shown in Equation (16). 

ηtherm,global = tanω (16)

In  actual  heat-work  conversion  process,  the  inevitable  of  irreversible
phenomena within the system results in the deviation of global thermal effi-
ciency  (ηglobal,actual)  from  the  ideal  working  condition,  as  shown  in Figure  1D.
Moreover,  the ratio of  these two efficiencies is  commonly referred to as the
thermodynamic  perfection  degree  (εper,global),  as  expressed  in  Equation  (17).
However, in actual working conditions, due to the irreversible losses, a greater
portion of the thermal energy from heat reservoir transfer into the cold reser-
voir without being converted into work, resulting in different ending tempera-
tures. Consequently, in these two working conditions, not only the conversion
mechanical  energy  is  different,  but  also  the  total  heat  transfer  from  heat
reservoir is different. 
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Figure 2.  Schematic  and  graphical  representation
of  heat-work  conversion  process (A)  Schematic  of
thermal  energy  convert  into  mechanical  energy;
Geometry  parameters  of E-E diagram:  (B)  Global
parameters, (C) Local parameters and (D) Compari-
son  between  actual  working  conditions  and  ideal
working conditions.

 
 

ARTICLE

4  　　　The Innovation Energy 2(2): 100084, April 14, 2025 www.the-innovation.org/energy

https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy


εper,global =
tanωb

tanωc

(17)

where  the  subscription b, c represents  the  end  point  under  actual  working
condition and ideal working conditions respectively. For local thermodynamic
perfection degree (εper,local), it  is  defined as the ratio of the local  thermal effi-
ciency  between  the  actual  working  conditions  (ηactual,local)  and  ideal  working
conditions  (ηideal,local)  under  the  same  heat  source  capacity.  According  to
Equation (16), εper,local is the ratio of the slopes, as shown in Equation (18). 

εper,local =
kideal
kactual

(18)

where kideal and kactual are the slope under ideal working conditions and actual
working  conditions  respectively.  Besides εper,global,  global  exergy  efficiency
(εex,global)  is  also  a  commonly  used indicator  to  evaluate  the  deviation  of  the
actual thermomechanical conversion process from ideal conditions, which is
defined as the ratio of the increase in mechanical energy under actual work-
ing  conditions  to  ideal  working  conditions.  Since  the  initial  points  of  the
system  are  the  same  under  both  conditions,  the  exergy  efficiency  can  be
revised into Equation (19) by referencing Equation (5). 

εex,global =
1− 1+tanθa

1+tanθb

1− 1+tanθa
1+tanθc

(19)

where the subscription a represents the initial point.

In  summary,  the  construction  of  the ET-EM

diagram can be summarized as three steps:
1. Representation of system total energy (Red

arc):  Draw  a  red  arc  with  the  origin  (O)  at  (0,0)
and a radius (r) equal to the total energy (Etotal);

2. Representation of initial system point (Point
a): Determine point a' (EM,ET) based on the initial
energy distribution. Connect Oa' and extend the
line to intersect the red arc, identifying the inter-
section as point a.

3.  Representation  of  heat  reservoir  capacity
variation and mechanical  energy variation (Blue
curve): Determine  the  energy  distribution  varia-
tion during heat-work conversion process using
Equations (6)-(14).  Draw the curve representing
the  variation  in  heat  reservoir  capacity  with  the
increase  in  mechanical  energy,  and  identify  the
ending point as point bi.

Through above three steps, the distribution of
system  energy  on  the E-E diagram  can  be
determined. Subsequently,  the  system's  perfor-
mance  parameters  can  be  derived  from  the
geometric  parameters.  The E-E diagram repre-
sents not only the system parameters related to
the  1st and  2nd Laws  of  Thermodynamics,  but
also  the  global  and  local  parameters  under
dynamic boundary conditions. 

RESULTS AND DISCUSSION
Boundary  conditions  in  graphical  method

comparison. To intuitively observe the graphical
differences between the E-E diagram and the T-
s diagram, the Carnot cycle and an actual cycle
under  a  finite  heat  capacity  boundary  capacity
are  selected  as  case  studies  to  analysis.  The

geometry parameters of system performance in the diagram are compared.
In isolated system, the system contains 8×105 kJ of thermal energy (ET) and
2×105 kJ of mechanical energy (EM). Moreover, ET consists of a heat reservoir
(EH)  with  a  capacity  of  4×105 kJ  at  an  initial  temperature  of  423.15 K  and a
cold  reservoir  (EC)  with  a  capacity  of  4×105 kJ  at  an  initial  temperature  of
288.15 K. Under ideal working conditions, the working fluid that facilitate the
heat-work  conversion  between  the  thermal  reservoir  and  the  mechanical
energy  reservoir  is  an  ideal  gas.  The  thermodynamic  processes  of  Carnot
cycle  include  isothermal  heat  absorption,  adiabatic  expansion,  isothermal
heat  release,  and  adiabatic  compression,  with  no  irreversible  losses  in  the
heat-work conversion process. To simplify the calculation process, a process
step  size  of  0.1%  of  the  thermal  reservoir's  capacity  (ΔEH =  0.1% EH)  is
assumed,  during  which  the  temperatures  of  the  heat  or  cold  reservoirs
remain  constant.  For  the  next  step,  the  reservoir  temperature  is  update
through the  energy  conversion  efficiency  of  the  last  step  until  the  tempera-
ture difference between the heat and cold reservoirs equalizes. To ensure the
accuracy of the calculation results, a comparison was made with the theoret-
ical  results  proposed  by  Ma  et  al.46 Details  of  the  comparison  results  are
provided in the Supplemental Information.

Under actual working conditions, irreversible losses occur during the heat-
work  conversion  process.  Taking  an  organic  Rankine  cycle  (ORC)  as  an
example,  the  temperature  difference  during  the  heat  exchange  between  the
working  fluid  and  the  heat  or  cold  reservoirs  and  the  friction  loss  during

 

Figure 3.  Graphical  comparison  between T-s
diagram  and E-E diagram. Ideal  working  condi-
tions T-s diagram  of  the  (A)  whole  conversion
process  and  (B)  process  step  24  and  25; E-E
diagram of the (C) whole conversion process and (D)
process  step  24  and 25;  Actual  working  conditions:
(E) T-s diagram and (F) E-E diagram.
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expansion  or  compression  processes  lead  to  the  irreversible  phenomenon,
which  decreases  the  energy  conversion  efficiency,  causing  the  system's
performance to deviate from the ideal working conditions. The details of ORC
can  be  seen  in Supplemental  Information.  To  demonstrate  the  variation  in
the  system  performance,  a  time  step  size  of  100  s  is  set,  during  which  the
temperatures  of  the  heat  or  cold  reservoir  remain  constant.  The  reservoir
temperature in the next time step is also adjusted based on the result of last
time step.

Ideal  working  conditions  comparison. As  the  heat-work  conversion
process progresses, part of the thermal energy in the heat reservoir is contin-
uously converted into mechanical energy, while the remaining thermal energy
is  transferred  into  the  cold  reservoir,  until  the  energy  conversion  efficiency
reaches its  upper  limit. Figure  3 depicts  the  system performance in  the T-s
and E-E diagrams  under  finite  heat  capacity  working  conditions.  As  the
process step (k50) is  50,  the temperature difference between the heat  reser-
voir and the cold reservoir is less than 10 K, which represents that the system
has reached the upper limit of conversion efficiency.

In  the T-s diagram (Figure  3A), the  working  fluid  undergoes heat  absorp-
tion process (ki,1-ki,2, where i represents the process step), expansion process
(ki,2-ki,3),  heat  releasing  process  (ki,3-ki,4),  and  compression  process  (ki,4-ki,1)
during each  process  step.  It  can  be  easily  observed  that  each  thermody-
namic  process  in T-s diagram  appears  as  a  straight  line,  and  the  enclosed
rectangular  area  of  four  process  represents  the  net  conversion  mechanical
energy  (ΔEM,i) during  one  step.  Since  the  heat  and  cold  reservoir  tempera-
tures do not keep as a constant throughout the conversion process, the ther-
modynamic state points vary in each step, leading to changes in the rectan-
gular area. Consequently, when all the state point variations are plotted on the
same T-s diagram,  the  graph  becomes  non-intuitively,  making  it  difficult  to
analyze system performance. Moreover, for any two adjacent process steps,
the  variation  in  the  system  performance  cannot  be  intuitively  observed.  For

instance,  in  step 24th (k24)  and 25th (k25), the overlapping area of  net  conver-
sion mechanical energy (ΔEM,i) and heat absorption (ΔEH,i) are A1 and (A1+A2)
respectively, as shown in Figure 3B. In k24, ΔEM,24 and ΔEH,24 is equals to (A1+
A3+ A4+ A8)  and (A1+ A2+ A3+ A4+ A7+ A8) respectively,  with the thermal effi-
ciency  (ηlocal,24)  being  the  ratio  of  these  two  areas.  When  the  process
progresses to k25, ΔEM,25 and ΔEH,25 is equals to (A1+ A5) and (A1+ A2+ A4+ A5+
A6)  respectively,  where  comparing the thermal  efficiency (ηlocal,25)  and ηlocal,24

intuitively through the T-s diagram is challenging.

n

∑
i=1

ΔEM,i

50

∑
i=1

ΔEM,i

When the system performance graphics on the E-E diagram (Figure 3C), it
can be observed that the efficiency change caused by the temperature differ-
ence variation between the heat reservoir and cold reservoir is reflected in the
slope  (k)  change  of  the  heat  source  capacity  curve,  and  the  accumulated

conversion  mechanical  energy  ( ) during  the  entire  process  is  repre-

sented by the change in angle θ. In k24, ΔEM,24 and ΔEH,24 is represented by the
lines lM,23:24 and lH,23:24, respectively, and the corresponding local thermal effi-
ciency is tanω1, as depicted in Figure 3D. Similarly, in k25, ΔEM,25 and ΔEH,25 is
represented by the line lM,24:25 and lH,24:25, and the corresponding local thermal
efficiency  is  tanω2.  As  tanω is  a  monotonically  increasing  function  in  the
interval  [0,  90°],  a  smaller ω indicates  a  lower ηlocal.  Furthermore,  as  the
system  transitions  from  the  initial  state  to  the  final  state, θ rotates  from

14.03°  to  19.83°.  According  to  Eq.  (2),  is  9.67×103 kJ.  Compared  to

the T-s diagram, comparing the angles is more intuitive than comparing two
area ratios, which is the advantage of the E-E diagram.

Actual  working  conditions  comparison. In  the  heat-work  conversion
process  under  actual  working  conditions,  the  design  of  a  thermodynamic
system is  commonly  constrained  by  mechanical  components  and  invest-
ment  costs,  which  necessitates  accounting  for  the  phase  change  of  the
working  fluid  during  the  heat  transfer  process  and  temperature  differences

en
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gy

 

Table 1.  Comparison between the E-E diagram and the T-s diagram

Items E-E diagram T-s diagram

Description object Energy reservoir Working fluid

System performance variation Intuitively Non-intuitively

Working fluid state Non-intuitively Intuitively

Graphic geometry parameters Angle (θ and ω), Line (l) and slope (k) Area (A)

Global system performance

Thermal efficiency (ηtherm,global) tanω
∑Awork

∑Aabsorption

Exergy efficiency (εex,global)
1− 1+ tanθa

1+ tanθb

1− 1+ tanθa
1+ tanθc

∑Awork,actual
∑Awork,ideal

Thermodynamic perfection degree (εper,global)
tanωb
tanωc

∑Awork,actual ∑Aabsorption,ideal
∑Aabsorption,actual ∑Awork,ideal

Local system performance

Thermal efficiency (ηtherm,local) −1
k

Awork,i
Aabsorption,i

Thermodynamic perfection degree (εper,local)
kideal
kactual

Awork,actualAabsorption,ideal
Aabsorption,actualAwork,ideal

 

Table 2.  Initial boundary conditions

Case ET,ini/EM,ini (×105 kJ) EH,ini/EC,ini (×105 kJ) TH,ini/TC,ini (K) mH (kg) mC (kg)

1 80:20 40:40 500/300 33.93 286.70

2 80:20 40:40 1000/300 10.59 286.70

3 80:20 40:40 1500/300 6.27 286.70

4 80:20 72:8 1000/300 19.06 57.34

5 80:20 8:72 1000/300 2.12 516.51
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between  the  working  fluid  and  heat/cold  reservoir.  These  factors  result  in
more  complex  thermodynamic  processes.  Moreover,  the  irreversible
phenomenon causes entropy  changes in  the  working  fluid  during  compres-
sion/expansion processes, leading to the transformation of the enclosed area
in  the T-s diagram  from  a  rectangle  under  ideal  working  conditions  into  a
complex  irregular  shape  (Figure  3E).  It  can  also  be  observed  that  as  the
energy conversion process progresses,  the enclosed area of ORC in the T-s
diagram continues to shrink. Correspondingly, the area of the ideal cycle also
decreases. Since the ratio of these two areas represents the degree to which
the  actual  cycle  deviates  from  the  ideal  cycle,  i.e.,  the  local  thermodynamic
perfection degree (ηper,local), it becomes easy to analyze the irreversible losses
of  each  thermodynamic  process  under  steady-state  conditions.  However,
under  dynamic  boundary  conditions,  due  to  the  continuous  change  in  area,
not only  is  the  variation  trend  of  thermal  efficiency  difficult  to  observe  intu-
itively, but the trend of thermodynamic perfection is also not easily visualized.

In the E-E diagram (Figure 3F), when the system reaches the upper limit of
energy conversion under actual conditions, the radius rotates from point a (θa

= 14.03°) to point b1 (θb1 = 16.25°), while under ideal conditions, the absence
of  irreversible  factors results  in  more converted mechanical  energy,  and the
corresponding  radius  rotation  reaches  point b2 (θb2 =  19.65°).  According  to
Eq. (19), the global exergy efficiency (εglobal,ex) of the system can be calculated
through these  three  angles,  which  is  40.81%.  Additionally,  in  the  heat  reser-
voir  capacity  curve  (two  blue  curves),  the  angle  (ω1)  between  the  line
connecting  the  starting  (aH)  and  ending  points  (bH1)  of  the  actual  operating
curve  and  the  vertical  direction  is  significantly  lower  than  that  of  the  ideal
case  (ω2),  which  indicates  a  lower  global  thermal  efficiency.  Limited  by  the
temperatures of the heat and cold reservoirs, the heat released from the heat
reservoir  under  actual  conditions  (ΔEH1,global)  and  under  ideal  conditions
(ΔEH2,global) also  differs,  being  36.72  kJ  and  50.40  kJ,  respectively.  Corre-
spondingly,  the  conversion  mechanical  energy  under  actual  conditions
(ΔEM1,global)  and  under  ideal  conditions  (ΔEM2,global)  also  varies,  amounting  to

∑ΔEM,loss

2.58 kJ and 6.32 kJ, respectively. In addition to
global  performance  parameters,  by  observing
the  heat  reservoir  capacity  curves,  it  can  also
be  noted  that  within  the  same  process  step
(where the heat reservoir capacity is the same),
the  slope  of  the  curve  under  actual  conditions
is  steeper  than  that  under  ideal  conditions.
According to  Eq.  (15),  the  local  thermal  effi-
ciency  (ηtherm,local)  under  actual  conditions  is
lower than that under ideal conditions, with the
ratio of  the two representing the local  thermo-
dynamic  perfection  degree  (εper,local). Interest-
ingly, it’s worthy to mentioned that the horizon-
tal  distance  (lex,loss)  between  the  two  curves
represents  the  difference  in  accumulated
converted  mechanical  energy  ( ).  In
summary,  the E-E diagram  has  the  advantage
on  describing  system  performance  variations
under dynamic boundary conditions.

Remarks. The E-E diagram  has  advantages
over  the T-s diagram  in  describing  system
performance under  dynamic  boundary  condi-
tions, which can be attributed to the difference
in  description  object.  The  differences  between
the two graphical analysis methods are shown
in Table 1. For the E-E diagram, it describes the
system  performance  from  the  perspective  of
reservoirs  and  is  not  limited  to  the  energy
conversion  medium,  which  allows  for  the

performance  description  between  difference  heat-work  conversion  devices.
The  geometric  parameters  used  to  describe  system  performance  are  line
length (l) and angle (θ and ω), with changes in the curve slope (k) represent-
ing  the  variation  in  system performance,  thereby  enabling  a  comprehensive
description of  system performance under  dynamic boundary conditions.  On
the other hand, the T-s diagram explicitly focuses on the medium of energy
conversion and describes the thermodynamic cycle  from the perspective  of
the  working  fluid.  The  thermodynamic  state  changes  of  the  working  fluid
during  a  thermodynamic  cycle  can  be  fully  represented,  and  the  geometric
parameter used to describe system performance is area. Under fixed bound-
ary conditions, the areas corresponding to heat and work exchanges remain
constant,  and  by  analyzing  the  differences  between  ideal  and  actual
processes, the system’s thermodynamic performance can be evaluated.

For an energy conversion process under dynamic boundary conditions, the
thermodynamic  state  graphical  method  (T-s diagram, P-v diagram  and  so
on.) shows the system performance deviation between actual working condi-
tions and  ideal  working  conditions  at  each  moment,  while  the  thermody-
namic  process  graphical  method  shows  the  deviation  for  entire  conversion
process.  A  synergy  analysis  of  two  methods  is  expected  to  provide  a  more
comprehensive  understanding  of  system  performance  and  state  changes,
offering a new perspective for the design of thermodynamic systems.

Boundary conditions in Graphical representation under varying initial state.
The E-E diagram  method  enriches  the  description  of  system  performance
parameters under  dynamic  boundary  conditions.  To  gain  a  deeper  under-
standing  of  the  characteristics  of  geometric  parameters  in  the E-E diagram
under different initial boundary conditions, several cases under ideal working
conditions were conducted on the heat-work conversion process under vary-
ing  initial  cold/heat  reservoir  temperatures  (Cases  1–3)  and  initial  energy
distributions (Cases 2, 4 and 5). The initial boundary conditions are shown in
Table  2.  It  is  worth  noting  that,  under  the  same  energy  distribution,  the
enthalpy of  the ideal  gas in the heat reservoir  (hH)  differs due to the varying

 

Figure 4.  Graphical  representation  under  different
working  conditions Initial heat  reservoir  tempera-
ture (A) E-E diagram and (B) Temperature variation;
Initial  energy  distribution:  (C) E-E diagram  and  (D)
Temperature variation.
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initial temperatures of the heat reservoir, and accordingly, the mass (mH) also
varies, showing an inverse relationship with the trend of hH.

Initial heat reservoir temperature. At different initial heat reservoir tempera-
tures (TH,ini), the graphical parameters of each case in the E-E diagram exhibit
significant  differences,  as  shown  in Figure  4A.  At  the  initial  state,  since  the
distributions  of  thermal  energy  and  mechanical  energy  are  consistent,  the
angle at the initial state point a (θa) of three cases are all equal to 14.03°. As
the  heat-work  conversion  process  progresses,  the  radius  gradually  rotates
along the red arc to point b, and the angle (θb) increases from 20.77° at TH,ini

of  500  K  to  37.15°  at 1500 K,  indicating  that  more  converted  mechanical
energy  (ΔEM)  can  be  obtained.  In  the  curve  of  heat  reservoir  capacity
changes,  it  can  also  be  observed  that  with  higher  initial  temperatures,  the
angle (ω) between the starting and ending points of the curve and the y-axis
increases, which indicates that  the system has a  higher  global  thermal  effi-
ciency at these temperatures. Furthermore, the graphical parameters on the E-
E diagram allow us to examine the impact  of TH,ini on the heat  release from
the heat reservoir.  When TH,ini is  500 K,  the corresponding line length for the
heat  release  from  the  heat  reservoir  is lH1,global,  which  is  significantly  lower
than lH2,global at 1000 K  and lH3,global at 1500 K.  The  phenomenon  can  be
attributed to  the  temperature  variation  regulation  of  the  two  thermal  reser-
voirs. As TH,ini increases, the initial local thermal efficiency (ηtherm,1) also rises,
resulting in the less heat transferring to the cold reservoir for the same heat
release  amount  from  the  heat  reservoir.  Consequently,  the  temperature
increase  of  the  local  cold  reservoir  becomes  smaller,  while  the  greater
temperature difference between the heat and cold reservoirs leads to a larger
total heat  release from the thermal  reservoir  throughout  the  energy conver-
sion process.

Due to  the varying local  thermal  efficiencies (ηtherm,local)  along the process,
the  temperature  changes  in  the  thermal  and  cold  reservoirs  are  closely
related  to TH,ini,  as  shown  in Figure  4B.  As TH,ini increases,  the  number  of
process  steps  experienced  during  the  heat-work  conversion  process  rises
from 80 at 500 K to 98 at 1500 K, indicating an increase in the thermal reser-
voir  capacity  change  (ΔET).  Correspondingly,  the  ending  temperature  (Tend)
after  reaching  the  upper  limit  of  heat-work  conversion  gradually  decreases
from  318.48  K  to  310.24  K.  Meanwhile,  a  lower  initial  thermal  reservoir
temperature  results  in  more  heat  released  to  the  cold  reservoir  during  the
same process step, leading to a higher temperature rise in the cold reservoir.
Consequently, at lower heat reservoir temperatures and higher cold reservoir

temperatures,  the  slope  (k)  of  the  heat  reservoir  capacity  curve  in  the E-E
diagram  will  be  lower,  reflecting  a  decreased ηtherm,local.  Additionally,  at  the
same TH,ini,  as  the  heat-work conversion  process  progresses,  the  continu-
ously decreasing  temperature  difference  between  the  heat  and  cold  reser-
voirs causes k to decrease with increasing mechanical energy, resulting in a
continual decline in ηtherm,local.

Initial  energy  distribution. When  the  initial  distribution  of  thermal  energy
varies, the upper limit of energy conversion that the system can achieve also
differs. Figure  5C  shows  the  system  performance  variations  under  different
initial energy distributions. The results indicate that, with a fixed total amount
of  thermal  energy,  the  angle  (θ)  through  which  the  radius  rotates  increases
from  17.26°  (θb4)  at  a  heat  reservoir  to  cold  reservoir  capacity  ratio  of
10%/90% to 42.46°  at  a  ratio  of  90%/10%.  However,  in  the thermal  capacity
change  curve,  the  trend  of  global  thermal  efficiency  (ηtherm,global)  exhibits  the
opposite  behavior;  as  the  initial  heat  reservoir  capacity  increases, ω
decreases  from  27.93°  to  25.15°,  indicating  a  slight  reduction  in ηtherm,global.
This  phenomenon  is  primarily  caused  by  temperature  changes  during  the
heat-work  conversion  process,  as  illustrated  in Figure  5D.  Within  the  same
process step, a higher heat reservoir capacity ratio leads to a greater mass of
ideal gas in the heat reservoir, resulting in less temperature variation. Simul-
taneously, the mass of the ideal gas in the cold reservoir decreases, causing
a  larger  temperature  change  in  the  cold  reservoir.  However,  since  the  heat
absorption in the cold reservoir is significantly lower than the heat release in
the  heat  reservoir,  the  rate  of  temperature  change  in  the  cold  reservoir  is
much lower than that in the thermal reservoir, which shows a larger tempera-
ture difference  between  the  two  reservoirs,  leading  to  higher  thermal  effi-
ciency. Furthermore, due to the higher heat reservoir capacity ratio,  the total
heat released by the heat reservoir also shows a significant increase, with its
ending  temperature  rising  from  305.47  K  to  405.55  K.  Consequently,  under
the  interaction  of  these  factors,  the  system's  global  thermal  efficiency
exhibits a slight downward trend.

Current  status  and  limitations  of E-E diagram. In this  section,  the  advan-
tages,  limitations,  and  applicability  of  the E-E diagram  will  be  reviewed  and
prospected.  As  mentioned  in  previous  sections,  the  graphical  analysis
method based on thermodynamic process parameters has the advantage of
representing  changes  in  system  performance  through  the  variations  in
angles,  without  being  limited  to  a  single  heat-work  conversion  device  or  a
single working fluid. However, the E-E diagram struggles to reflect changes in
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Figure 6.  Extension of E-E diagram (A) EM-ET-S diagram, (B) ET-S diagram, (C) EM-ET diagram, (D) EM-ET-A diagram and (E) E1-E2-E3 diagram.
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the  temperature  of  the  heat  reservoir  during  the  heat-work  conversion
process,  necessitating  a  combined  analysis  with  other  graphical  methods.
The extension of E-E graphical  method is  crucial  for  advancing the analysis
of  system  performance  in  energy  conversion  processes  under  dynamic
boundary conditions.

Potential  applications  of E-E diagram. With  the  integration  of  renewable
energy  and  thermal  energy  storage  technologies  into  thermodynamic
systems, the finite storage capacity introduces dynamic boundary conditions
during thermal energy storage and release processes. This leads to continu-
ous variations in local thermal efficiency of ideal cycles, which differs signifi-
cantly  from  traditional  coal-fired  power  plants  where  heat  reservoir  was
considered to have infinite thermal capacity due to continuous coal combus-
tion. Therefore, the design of novel thermodynamic systems requires consid-
eration of dynamic transformation characteristics.

The  Carnot  Battery  (CB),  a  recently  proposed  novel  energy  storage
system,47 serves  as  an  illustrative  example.  As  shown  in Figure  5A,  it
comprises a heat pump (HP) subsystem and an organic Rankine cycle (ORC)
subsystem. The phase change material (PCM) in the system undergoes three
stages during heat storage and release: initial  sensible heat,  latent heat,  and
final sensible heat. As the heat exchange between the HP condenser (process
4-1) and ORC evaporator (process 8-5) causes temperature variations in the
thermal storage tank, the operating states of both HP and ORC continuously
evolve during CB operation. As shown in Figures 5B & C, the combined analy-
sis  using  the E-E and  the T-s diagrams  allows  for  comprehensive  system
performance  evaluation.  The E-E diagram  reveals  both  global  and  local
performance parameters, while the T-s diagram enables detailed analysis of

working fluid states at specific operating points
(step i,  step i+n,  step j and  step j+m),  such  as
the impact  of  pinch point  variations during the
transition  from sensible  to  latent  heat  storage.
This  combined-analysis  approach  enhances
our  understanding  of  CB  system  operational
characteristics  and  can  be  similarly  applied  to
other  scenarios  involving  finite  heat  capacity
systems.

Extension  of E-E diagram. According  to  the
2nd Law  of  Thermodynamics,  the  total  entropy
of an isolated system (ΔSiso) during the energy
conversion process exhibits  unidirectionality.  If
the  energy  form  in  the  conversion  process  is
abstracted  as  an  isolated  system,  the E-E
diagram can  be  more  powerful  by  incorporat-
ing  the  state  parameter  of  entropy,  thus
constructing  a  three-dimensional  graphical
analysis method  that  couples  process  quanti-
ties and state quantities (EM-ET-S), as shown in
Figure  6A. This  method  allows  for  a  compre-
hensive  description  of  the  along-the-way
evolution of ΔSiso during the energy conversion
process,  enabling  the  evaluation  of  irreversible
losses.  Additionally,  according  to  the  definition
of  Clausius  entropy,  the  ratio  of  heat  change
(ΔEH)  to  entropy  change  (ΔSH)  represents
temperature, while the slope of the heat capac-
ity  curve  (k)  projected  on  the S-ET diagram
(Figure  6B)  precisely  indicates  the  inverse  of
the  thermal  reservoir  temperature  (TH);  the
higher k represents  the  lower TH.  These  two
advantages can  further  enhance  the  descrip-
tion  of  energy  conversion  processes  under

dynamic boundary conditions.
In fact, beyond the E-E-S diagram, the third-dimensional coordinate can be

adjusted  based  on  the  application  scenario  and  analytical  objectives.  For
example, when assessing the energy level change during the energy conver-
sion  process,  we  can  add  an  energy  quality  evaluation  index  (A)[48-51] for  a
more  comprehensive  analysis,  as  depicted  in Figure  6C.  By  illustrating  the
along-the-way evolution of  energy quality  in the energy conversion process,
we  can  select  different  energy  conversion  paths  to  minimize  energy  quality
loss.  Similarly,  when the energy conversion process involves multiple  forms
of  energy,  the  third-dimensional  coordinate  can  be  extended  to  the  third
energy forms (E3),  transforming the original red arc into a three-dimensional
sphere, as shown in Figure 6E. The length of the sphere's radius (r) still repre-
sents the total energy of system, and the rotation of radius on the sphere in
the radius does not affect the length of radius, thus achieving the representa-
tion of  the  first  law of  thermodynamics.  Moreover,  by  describing  the  trajec-
tory  changes  of  system  state  points  on  this  sphere,  a  comprehensive
description  of  energy  changes  during  the  conversion  process  can  be
achieved. 

CONCLUSION
Based  on  the  perspective  of  energy  distribution,  the E-E diagram charac-

terizes  energy  conversion  processes  through  its  geometric  features.  The
innovation of the E-E diagram lies in two keys: first, it represents the 1st Law
of  Thermodynamics  by  analogizing  the  energy  conversion  process  to  the
rotational  motion  of  a  radius  in  a  circle;  second,  it  illustrates  the  2nd Law of
Thermodynamics through the rotation angle (θ) of the radius. Additionally, the

 

Figure 5.  Potential  application  of E-E diagram (A)
Schematic of Carnot battery system (CB), (B) Graph-
ical  representation  of  heat  pump  sub-system  (HP),
(C)  Graphical  representation  of  organic  Rankine
cycle sub-system (ORC).

 
 

ARTICLE

The Innovation Energy 2(2): 100084, April 14, 2025　　　  9



geometric  parameters  (ω, k and l)  in  the E-E diagram  effectively  describe
both global and local system performance. Compared to the T-s diagram, the
E-E diagram not only provides a more intuitive visualization of system perfor-
mance variations  but  also  offers  a  broader  applicability  due  to  its  indepen-
dence  from  specific  heat-work  conversion  devices  or  working  fluids.  The
coupling  of  process  quantities  and  state  variables  in  this  graphical  analysis
method  shows  promising  potential  for  describing  system  performance  and
state variations in energy conversion processes. Furthermore, the addition of
energy level (A) or the third form of energy (E3) as a third dimension in the E-E
diagram offers a novel perspective for describing energy quality changes and
multi-energy  conversion  processes,  which  could  offer  new  insights  into  the
optimization of renewable energy conversion pathways.
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