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Abstract
Organic Rankine Cycle (ORC) technology can effectively recover exhaust ther-
mal energy from heavy-duty vehicle diesel engines. However, during road op-
eration, the exhaust heat source is unstable, and maintaining the cold source
also consumes energy, which poses severe challenges for the online optimization
and control implementation of both evaporation and condensation pressures. To
this end, an efficiency prediction model for the ORC waste heat recovery system
was established. Based on the first-law thermodynamic model of the ORC sys-
tem, and by capturing the macroscopic characteristics of the evaporator’s step
response, a dynamic correction model for effective heat transfer capacity and a
prediction factor for operating mode switching were proposed. Additionally, us-
ing a method combining simplified mechanism and data modeling, an empirical
model for condenser heat dissipation power consumption was established. An
optimization control architecture and strategy for the ORC waste heat recov-
ery system based on the efficiency prediction model was also proposed. Road
simulation results demonstrate the effectiveness of the efficiency model and opti-
mization algorithm: the effective working time of the ORC system reaches 94%,
steam superheat is controlled between 5-15K, and the ratio of condenser heat
dissipation power consumption to generated power is maintained below 20%.
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Abstract

Organic Rankine Cycle (ORC) technology can effectively recover exhaust ther-
mal energy from heavy-duty vehicle diesel engines. However, during real-world
driving cycles, the exhaust heat source is unstable and maintaining the cold
source consumes additional energy, posing severe challenges for online optimiza-
tion and control of evaporation and condensation pressures. To address this,
an efficiency prediction model for ORC waste heat recovery systems was devel-
oped. Based on the first law of thermodynamics for ORC systems and focusing
on the dominant characteristics of the evaporator’s step response, a dynamic
correction model for effective heat transfer and a predictive factor for operating
mode switching were proposed. An empirical model for condenser heat rejection
power consumption was established using a combination of simplified mechanism
and data-driven modeling approaches. An optimization control framework and
strategy for ORC waste heat recovery systems based on the efficiency prediction
model were then proposed. Road simulation results demonstrate the effective-
ness of the efficiency model and optimization algorithm: the effective working
time of the ORC system reaches 94%, steam superheat is controlled within 5–
15 K, and the ratio of condenser heat rejection power consumption to power
generation is maintained below 20%.

Keywords: diesel engine; organic Rankine cycle; waste heat recovery; efficiency
prediction model

Introduction

The application of ORC technology to recover and utilize waste heat from heavy-
duty diesel engines is a promising approach for improving engine fuel economy
and meeting future stringent fuel consumption regulations [1]. Research from
BMW, AVL, and Oak Ridge National Laboratory indicates that this technology
can achieve 5–10% fuel economy improvement in heavy-duty vehicles [2–5].

However, during vehicle operation, engines typically run under dynamic condi-
tions including idle, high load, and low load, causing exhaust flow rate and tem-
perature to exhibit strong transient characteristics with large variation ranges.
Previous studies [6, 7] have revealed that ORC waste heat recovery systems dis-
play pronounced dynamic behavior during driving cycles, including fluctuations
in steam parameters and operating mode switching, which degrade actual fuel
savings. Tona et al. from IFP France [8] identified that optimal control of ORC
systems under dynamic conditions represents a major challenge for practical
application.

Furthermore, heat engines cannot extract heat from a single source and
completely convert it to useful work without other effects. While ORC
systems recover engine exhaust energy for power generation, they also release
low-temperature heat to the engine cooling system through the condenser,
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increasing the cooling system’s heat rejection load and power consumption.
Horst et al. [9] demonstrated that ORC system heat rejection increases cooling
water pump power consumption, reducing fuel-saving potential by 1.3–1.8%.
Yang et al. [10] showed that the more waste heat the ORC system recovers, the
greater its heat rejection demand and cooling system power consumption be-
come. A profit-loss coupling relationship exists between ORC power generation
and engine cooling system power consumption.

These dynamic and coupling characteristics of ORC systems in recovering ve-
hicle engine exhaust energy pose severe challenges for optimal decision-making
and control implementation under dynamic operating conditions. This paper
focuses on these dynamic and coupling characteristics to develop an efficiency
prediction model for ORC system optimization and control, supporting online
decision-making and control of evaporation and condensation pressures.

1.1 Research Object

[Figure 1: see original paper] shows the system configuration studied in this
paper: ORC technology is used to recover exhaust energy downstream of a
heavy-duty vehicle diesel engine’s turbocharger turbine, with a controllable
cooling system matched to the ORC system.

1.2 Problem Description

The core task of ORC system optimization and control research is to dynam-
ically determine the optimal ORC system operating state based on transient
exhaust flow and temperature characteristics during road operation, with sys-
tem efficiency optimization as the objective, and to achieve this through control
implementation.

The system efficiency of the ORC system is defined as:

𝜂𝑆𝑦𝑠𝑡𝑒𝑚 = 𝑊𝑛𝑒𝑡 − 𝑃𝑐𝑜𝑜𝑙
𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡

where 𝑊𝑛𝑒𝑡 is the net work output of the ORC system, 𝑃𝑐𝑜𝑜𝑙 is the power con-
sumption of cooling accessories, 𝜂𝑆𝑦𝑠𝑡𝑒𝑚 is the system efficiency, 𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡 is
the exhaust energy, 𝐸𝑥 represents exhaust boundary conditions, and 𝑅𝐶 rep-
resents ORC system operating states including evaporation pressure, superheat,
condensation pressure, and subcooling.

To maintain the ORC system at its optimal state and achieve maximum system
efficiency throughout dynamic operation, the evaporation pressure, superheat,
condensation pressure, and subcooling must be optimized and controlled at each
control step based on exhaust boundary conditions (temperature and flow rate).
Recent studies [6, 10] have found that optimal values for superheat and subcool-
ing are relatively simple and do not vary significantly with operating conditions.
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However, the optimal regulation laws for evaporation and condensation pres-
sures remain unclear for three main reasons:

1.2.1 Dynamic Characteristics Steady-state studies [6] show that optimal
evaporation pressure is positively correlated with exhaust temperature. While
exhaust temperature and evaporation pressure have a one-to-one correspondence
in value, they are not temporally consistent during dynamic operation due to
the significant difference in energy conversion time scales between the engine
and ORC systems, as shown in Table 1 .

Table 1 Comparison of Energy Conversion Features Between Engine
and ORC System

Device Working Principle
Energy Conversion
Method

Dynamic Time
Scale

Engine Reciprocating Cyclic combustion Fast: one working
cycle

ORC
System

Continuous flow Heat transfer and phase
change

Slow: tens of
seconds to
minutes

The engine’s reciprocating operation and explosive combustion release enable
chemical-to-mechanical energy conversion within one working cycle, resulting
in a fast dynamic time scale. In contrast, the ORC system operates continu-
ously; transient exhaust energy is absorbed by the working fluid through wall
heat transfer, heating and evaporating it to drive the expander for power gen-
eration. Heat transfer and flow inertia result in a much larger dynamic time
scale for ORC energy conversion, requiring tens of seconds or even minutes.
This dynamic characteristic makes steady-state control laws linking evapora-
tion pressure and exhaust temperature impossible to implement during dynamic
operation, necessitating online optimization of evaporation pressure.

1.2.1 Operating Mode Characteristics Tona et al. [8] studied how ORC
systems undergo a series of dynamic processes from cold start, gradually heating
and pressurizing until complete evaporation, superheating, and finally driving
the expander to output work. Xie et al. [6] defined four basic operating modes:
start mode, acceleration mode, power generation mode, and protection mode,
noting that mode fluctuations reduce effective working time and affect fuel-
saving performance. Therefore, during road operation, a more critical task
for ORC system optimization and control is regulating evaporation pressure to
avoid entering protection mode, mitigating mode fluctuations, and increasing
effective working time. Thus, regulating evaporation pressure is not only about
optimizing system efficiency at each control step but more importantly, about
preventing operating mode fluctuations.
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[Figure 2: see original paper] shows the dynamic working process and mode
definitions of the ORC system.

1.2.1 Coupling Characteristics As previously noted, ORC systems release
low-temperature heat to the engine cooling system through the condenser while
recovering exhaust energy, increasing cooling system load and power consump-
tion. Yang et al. [10] demonstrated that greater waste heat recovery leads to
greater heat rejection demand and higher cooling system power consumption.
A strong coupling relationship exists between ORC power generation and en-
gine cooling system power consumption, as shown in [Figure 3: see original
paper]. Condensation pressure strongly regulates this coupling relationship and
should increase with engine speed and load. In other words, the optimal value
of condensation pressure is also strongly influenced by exhaust conditions.

[Figure 3: see original paper] illustrates the effects of condensing pressure on
the profit-loss relationship.

In summary, due to the dynamic characteristics, operating mode features, and
coupling characteristics of ORC systems, optimizing and controlling evaporation
and condensation pressures during road operation presents severe challenges.
Establishing an efficiency prediction model for ORC system optimization and
control is key to overcoming these challenges.

2.1 Control Framework

Considering the dynamic characteristics, operating mode features, and coupling
characteristics of ORC systems, an optimization control framework is proposed,
as shown in [Figure 4: see original paper]. For given exhaust boundary condi-
tions 𝐸𝑥, the manager and efficiency observer work collaboratively to optimize
the optimal evaporation pressure 𝑃 𝑜𝑝𝑡

𝑒𝑣𝑎𝑝 and condensation pressure 𝑃 𝑜𝑝𝑡
𝑐𝑜𝑛𝑑. To-

gether with steam temperature 𝑇 𝑠𝑒𝑡
𝑠𝑡𝑒𝑎𝑚 and turbine speed 𝑁𝑠𝑒𝑡

𝑡𝑢𝑟𝑏, these serve as
control targets for the controller. The control level directly employs mature
PID control algorithms to regulate ORC turbine speed, expansion ratio, work-
ing fluid pump flow rate, and cooling system accessory power. The key to this
framework is establishing a macroscopic, predictive efficiency model.

2.2 Efficiency Model

According to [Figure 4: see original paper], the core function of the efficiency
model is: at any decision moment 𝜅 of the manager, based on the exhaust
parameters 𝐸𝑥𝑅(𝜅) at that moment and the ORC system state parameters
𝑅𝐶𝑋(𝜅), if the manager provides decision variables 𝑅𝐶𝑂𝑝𝑡(𝜅), the efficiency
model must predict the ORC system’s operating mode, output power, and
cooling power consumption at time 𝜅, feeding the system efficiency 𝜂𝑆𝑦𝑠𝑡𝑒𝑚
back to the manager.

The definition of 𝜂𝑆𝑦𝑠𝑡𝑒𝑚 is given by Equation (2). [Figure 4: see original paper]
shows the control framework of the ORC exhaust heat recovery system.
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The modeling approach involves: using the dynamic heat transfer effects of
the evaporator to establish a real-time prediction model for heat absorption;
considering the manager’s decision variables and the controller’s execution
capability, predicting ORC system output power, heat rejection, and superheat
based on thermodynamic models; and predicting cooling power consumption
and operating mode based on cooling power consumption models and operating
mode models, thereby calculating ORC system efficiency.

During model development, two assumptions are made: 1) Decision variables
𝑅𝐶𝑂𝑝𝑡(𝜅) given by the manager are perfectly executed, without considering
actuator dynamics and capabilities. 2) Hardware execution processes of the
expander, generator, working fluid pump, cooling system, and valves are not
considered; only their outputs are modeled, including expansion ratio 𝜋𝑒𝑥𝑝, gen-
erator load 𝐿𝑙𝑜𝑎𝑑, working fluid flow rate 𝑚̇𝑤𝑓 , cooling accessory power 𝑃𝑐𝑜𝑜𝑙,
and valve opening 𝑉 𝑎𝑙𝑣𝑒𝑠.

The system efficiency 𝜂𝑆𝑦𝑠𝑡𝑒𝑚 is defined as:

𝜂𝑆𝑦𝑠𝑡𝑒𝑚 = 𝑊𝑅𝐶(𝜏) − 𝑃𝑐𝑜𝑜𝑙(𝜏)
𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡

where 𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡 represents engine exhaust energy, 𝑊𝑅𝐶(𝜏) represents ORC sys-
tem power generation over a future time period, 𝑃𝑐𝑜𝑜𝑙(𝜏) represents power con-
sumed by the cooling system, and 𝜏 denotes time.

According to the dynamic characteristics of ORC systems, the engine working
cycle is the fundamental time unit for energy conversion. If using the engine
working cycle as the time basis, the dynamic characteristics of ORC systems
become very significant, with energy conversion time scales much larger than one
engine cycle. Therefore, ORC power generation is a dynamic model represented
by 𝑊𝑅𝐶(𝜏). Correspondingly, the cooling power required for ORC generation
is represented by 𝑃𝑐𝑜𝑜𝑙(𝜏).
Additionally, the efficiency model must predict the ORC operating mode, which
has a 0-1 relationship with system efficiency 𝜂𝑆𝑦𝑠𝑡𝑒𝑚. Accurately predicting
the operating mode is key to avoiding mode fluctuations and increasing the
proportion of power generation mode time.

In summary, the efficiency model describes the ORC system and its controller,
and must dynamically predict operating mode 𝜉𝑚𝑜𝑑𝑒, power generation 𝑊𝑅𝐶(𝜏),
and cooling power 𝑃𝑐𝑜𝑜𝑙(𝜏). The modeling approach is shown in [Figure 5: see
original paper].

[Figure 5: see original paper] shows the structure diagram of the ORC system
efficiency modeling.

2.2.1 Effective Heat Absorption The effective heat absorption of the ORC
system is controlled by the convective heat transfer process in the evaporator.
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Considering that the efficiency model must be calculated in real-time within the
controller, the model cannot be overly complex and requires a trade-off between
accuracy and computational efficiency. Therefore, a lumped-parameter average
model is adopted for describing the evaporator convective heat transfer process.

On the exhaust side, the governing equations for exhaust flow across staggered
tube bundles include the convective heat transfer equation, energy conserva-
tion equation, and logarithmic mean temperature difference equation, given by
Equations (2), (3), and (4):

𝑄𝑒𝑥 = ℎ𝑒𝑥𝐴𝑒𝑥Δ𝑇𝑙𝑚

𝑄𝑒𝑥 = 𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥(𝑇𝑒𝑥,𝑖𝑛 − 𝑇𝑒𝑥,𝑜𝑢𝑡)

Δ𝑇𝑙𝑚 = (𝑇𝑒𝑥,𝑖𝑛 − 𝑇𝑤) − (𝑇𝑒𝑥,𝑜𝑢𝑡 − 𝑇𝑤)
ln ( 𝑇𝑒𝑥,𝑖𝑛−𝑇𝑤

𝑇𝑒𝑥,𝑜𝑢𝑡−𝑇𝑤
)

where ℎ𝑒𝑥 is the average heat transfer coefficient on the exhaust side, following
the Zhukauskas correlation with a calibration factor 𝜆𝑒𝑥; 𝐴𝑒𝑥 is the effective
heat transfer area; 𝑚̇𝑒𝑥 is exhaust mass flow rate; 𝑇𝑒𝑥,𝑖𝑛 and 𝑇𝑒𝑥,𝑜𝑢𝑡 are exhaust
temperatures at evaporator inlet and outlet; 𝑇𝑤 is average tube wall tempera-
ture; and 𝑐𝑝,𝑒𝑥 is exhaust specific heat capacity (typically 1.088 kJ/(kg・K) in
engineering practice).

Solving these equations yields:

𝑄𝑒𝑥 = 𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥(𝑇𝑒𝑥,𝑖𝑛 − 𝑇𝑤) (1 − 𝑒− ℎ𝑒𝑥𝐴𝑒𝑥
𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥 )

Equation (5) can be interpreted as comprising maximum heat transfer 𝑄𝑒𝑥,𝑚𝑎𝑥
and exhaust-side heat transfer efficiency 𝜂𝑒𝑥:

𝑄𝑒𝑥,𝑚𝑎𝑥 = 𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥(𝑇𝑒𝑥,𝑖𝑛 − 𝑇𝑤)

𝜂𝑒𝑥 = 1 − 𝑒− ℎ𝑒𝑥𝐴𝑒𝑥
𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥

In Equation (7), the exponential term represents the ratio of actual to maximum
possible heat flux, which can be further expressed as:

ℎ𝑒𝑥𝐴𝑒𝑥
𝑚̇𝑒𝑥𝑐𝑝,𝑒𝑥

= 𝑆𝑡 ⋅ 𝐴𝑒𝑥
𝐴𝑓𝑙𝑜𝑤

= 𝜁𝑒−𝜆𝑒𝑥×𝑓(𝑚̇𝑒𝑥,𝑇𝑒𝑥,𝑖𝑛)

chinarxiv.org/items/chinaxiv-201801.00067 Machine Translation

https://chinarxiv.org/items/chinaxiv-201801.00067


where 𝑆𝑡 is the Stanton number characterizing forced convection intensity,
𝐴𝑒𝑥/𝐴𝑓𝑙𝑜𝑤 is the ratio of heat transfer area to flow area, and 𝜁 is a dimen-
sionless number. A larger 𝜁 indicates stronger convection between exhaust and
tube walls.

The tube wall average temperature 𝑇𝑤 cannot be directly measured. However,
due to wall thermal inertia, its temperature cannot change rapidly and can be
solved iteratively. At time 𝜅, the wall temperature from time 𝜅 − 1 can be
used to calculate exhaust heat transfer 𝑄𝑒𝑥(𝜅), then wall energy conservation is
applied to recalculate the wall temperature at 𝜅.

After calculating exhaust heat transfer 𝑄𝑒𝑥, the effective heat absorption of the
ORC working fluid 𝑄𝑅𝐶,𝑒𝑓𝑓 can be calculated using the lumped heat transfer
model:

𝑄𝑅𝐶,𝑒𝑓𝑓 = ℎ𝑅𝐶𝐴𝑅𝐶(𝑇𝑤 − 𝑇𝑅𝐶,𝐸)

𝑚𝑤𝑐𝑝,𝑤
𝑑𝑇𝑤
𝑑𝑡 = 𝑄𝑒𝑥 − 𝑄𝑅𝐶,𝑒𝑓𝑓

Under the assumption of perfect controller execution, the boundaries between
liquid, two-phase, and vapor regions remain relatively stable, so the average heat
transfer temperature of the working fluid in the evaporator 𝑇𝑅𝐶,𝐸 is uniquely
controlled by evaporation pressure. Higher evaporation pressure yields higher
average temperature, making 𝑇𝑅𝐶,𝐸 a function of the decision variable 𝑃𝑒𝑣𝑎𝑝.

The differential equations (9) and (10) have no analytical solution, and solving
them simultaneously would be computationally prohibitive for engine controllers.
An alternative approach is required.

Assuming at time 𝜅 the evaporation pressure decision value is 𝑃𝑒𝑣𝑎𝑝(𝜅), and at
time 𝜅−1 it was 𝑃𝑒𝑣𝑎𝑝(𝜅−1), the working fluid average temperature will change
accordingly. However, due to evaporator wall thermal inertia, 𝑇𝑤 does not
change instantaneously. According to Equation (10), effective heat absorption
𝑄𝑅𝐶,𝑒𝑓𝑓 will exhibit a pulse response due to the sudden change in working fluid
average temperature. The pulse energy equals the energy released or absorbed
by the evaporator wall due to temperature change.

If 𝑇𝑤 > 𝑇𝑅𝐶,𝐸, the wall releases energy; otherwise it absorbs energy, character-
ized by:

Δ𝑄𝑝𝑢𝑙𝑠𝑒 = 𝑚𝑤𝑐𝑝,𝑤Δ𝑇𝑅𝐶,𝑠𝑎𝑡

The change in working fluid saturation temperature Δ𝑇𝑅𝐶,𝑠𝑎𝑡 can be expressed
as a linear relationship with evaporation pressure change Δ𝑃𝑒𝑣𝑎𝑝, with coefficient
𝜆𝑠𝑎𝑡. This treatment transforms Equations (9) and (10) into:
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𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) = 𝑄𝑒𝑥(𝜅) ⋅ 𝜂𝑒𝑥 − 𝜏𝑖𝑛𝑒𝑟𝑡𝑖𝑎
𝑑𝑄𝑅𝐶,𝑒𝑓𝑓

𝑑𝑡 + Δ𝑄𝑝𝑢𝑙𝑠𝑒

where 𝜏𝑖𝑛𝑒𝑟𝑡𝑖𝑎 represents the evaporator dynamic heat transfer inertia time con-
stant, characterizing the ratio of wall heat storage capacity to working fluid heat
transfer capacity. Considering the complexity of predicting the working fluid-
side heat transfer coefficient, it can be obtained through 激励试验 (excitation
tests) and corrected for flow rate and temperature effects:

𝜏𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 𝜏𝑏𝑎𝑠𝑒 ⋅ 𝜆𝑚 ⋅ 𝜆𝑇

Based on Equations (5) and (12), the effective heat absorption of the ORC
evaporator can be predicted in real-time.

2.2.2 Operating Mode Factor The operating mode 𝜉𝑚𝑜𝑑𝑒 is a 0-1 variable.
Given effective heat absorption 𝑄𝑅𝐶,𝑒𝑓𝑓 and decision variables, it is influenced
by both decision variables and controller-regulated mass flow rate 𝑚̇𝑤𝑓 . How-
ever, the manager needs to know whether the ORC system could fall into pro-
tection mode when decision variables are executed but mass flow rate cannot
be adjusted in time.

For given 𝑄𝑅𝐶,𝑒𝑓𝑓 and decision variables, the instantaneous operating mode
𝜉𝑚𝑜𝑑𝑒 is calculated when decision variables and controller-regulated mass flow
rate 𝑚̇𝑤𝑓 cannot immediately affect steam state. At time 𝜅, the working fluid
temperature at evaporator inlet 𝑇𝑖𝑛(𝜅) and mass flow rate 𝑚̇𝑤𝑓(𝜅) are the same
as at time 𝜅 − 1. To achieve the safe minimum superheat 𝑇𝑠ℎ,𝑚𝑖𝑛 corresponding
to evaporation pressure 𝑃𝑒𝑣𝑎𝑝(𝜅), the minimum required energy is:

𝑄𝑅𝐶,𝑒𝑓𝑓,𝑚𝑖𝑛 = 𝑚̇𝑤𝑓(𝜅) ⋅ (ℎ𝑜𝑢𝑡(𝑃𝑒𝑣𝑎𝑝(𝜅), 𝑇𝑠𝑎𝑡 + 𝑇𝑠ℎ,𝑚𝑖𝑛) − ℎ𝑖𝑛(𝜅))

Then the operating mode factor is:

𝜉𝑚𝑜𝑑𝑒 = {1 if 𝑄𝑅𝐶,𝑒𝑓𝑓 ≥ 𝑄𝑅𝐶,𝑒𝑓𝑓,𝑚𝑖𝑛
0 otherwise

The meaning is: if effective heat absorption 𝑄𝑅𝐶,𝑒𝑓𝑓 exceeds the minimum
required 𝑄𝑅𝐶,𝑒𝑓𝑓,𝑚𝑖𝑛, the ORC system operates in power generation mode
(𝜉𝑚𝑜𝑑𝑒 = 1); otherwise it enters protection mode (𝜉𝑚𝑜𝑑𝑒 = 0).

2.2.3 Cooling Power Consumption ORC power generation 𝑊𝑅𝐶(𝜏) rep-
resents the predicted value after decision variables 𝑃 𝑜𝑝𝑡

𝑐𝑜𝑛𝑑 are fully executed by
the controller within one decision cycle. The working fluid pump inlet is state
point 1, as shown in [Figure 6: see original paper], with saturation pressure
𝑃1. Based on pump efficiency 𝜂𝑝𝑢𝑚𝑝, state 2 can be calculated. State 3 is
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determined by decision variable 𝑃 𝑜𝑝𝑡
𝑒𝑣𝑎𝑝. After expansion, state 4 is calculated

using expander isentropic efficiency 𝜂𝑒𝑥𝑝. Using REFPROP software, the cy-
cle efficiency 𝜂𝑐𝑦𝑐𝑙𝑒 under these conditions can be calculated, and ORC power
generation is predicted as:

𝑊𝑅𝐶 = 𝑄𝑅𝐶,𝑒𝑓𝑓 ⋅ 𝜂𝑐𝑦𝑐𝑙𝑒

Condenser heat rejection is:

𝑄𝑐𝑜𝑛𝑑 = 𝑄𝑅𝐶,𝑒𝑓𝑓 ⋅ (1 − 𝜂𝑐𝑦𝑐𝑙𝑒)

[Figure 6: see original paper] shows the thermodynamic cycle diagram of the
ORC system.

ORC cooling power consumption mainly includes water pump power, fan power,
and ram air resistance power.

For the water pump:

𝑃𝑝𝑢𝑚𝑝 =
̇𝑉𝑐𝑜𝑜𝑙 ⋅ Δ𝐻𝑝𝑢𝑚𝑝

𝜂𝑝𝑢𝑚𝑝

where 𝜂𝑝𝑢𝑚𝑝 is the inverse of pump efficiency, ̇𝑉𝑐𝑜𝑜𝑙 is volumetric flow rate, and
Δ𝐻𝑝𝑢𝑚𝑝 is pump head. For the cooling water circulation, pump head overcomes
piping resistance including friction and local losses, so:

Δ𝐻𝑝𝑢𝑚𝑝 ≈ 𝜆𝑝𝑖𝑝𝑒 ̇𝑉 2
𝑐𝑜𝑜𝑙

Combining and ignoring first-order errors within the coefficient yields:

𝑃𝑝𝑢𝑚𝑝 = 𝜆𝑝𝑢𝑚𝑝 ̇𝑉 3
𝑐𝑜𝑜𝑙

Generally, cooling water flow rate directly relates to heat rejection, transforming
Equation (20) to:

𝑃𝑝𝑢𝑚𝑝 = 𝜆′
𝑝𝑢𝑚𝑝𝑄3

𝑐𝑜𝑛𝑑

Similarly, fan power and ram air resistance power can be modeled as:

𝑃𝑓𝑎𝑛 = 𝜆𝑓𝑎𝑛𝑄3
𝑟𝑎𝑑,𝑓𝑎𝑛

𝑃𝑟𝑎𝑚 = 𝜆𝑟𝑎𝑚𝑄𝑟𝑎𝑑,𝑟𝑎𝑚

chinarxiv.org/items/chinaxiv-201801.00067 Machine Translation

https://chinarxiv.org/items/chinaxiv-201801.00067


where 𝑄𝑟𝑎𝑑,𝑓𝑎𝑛 and 𝑄𝑟𝑎𝑑,𝑟𝑎𝑚 represent heat removed by fan cooling and ram
air cooling from the radiator. Ram cooling is passive and affected by driving
conditions, while fan cooling is actively controllable, but their efficiencies dif-
fer significantly. Fan auxiliary cooling has low isentropic efficiency (typically
below 30%), while ram cooling has approximately 100% efficiency. A ram cool-
ing ratio factor 𝜆𝑟𝑎𝑚 characterizes ORC and engine cooling system integration.
Combining Equations (23) and (24):

𝑃𝑐𝑜𝑜𝑙 = 𝜆𝑓𝑎𝑛(1 − 𝜆𝑟𝑎𝑚)𝑄3
𝑐𝑜𝑛𝑑 + 𝜆𝑟𝑎𝑚𝑄𝑐𝑜𝑛𝑑

By energy conservation, condenser heat rejection equals radiator heat rejection:
𝑄𝑐𝑜𝑛𝑑 = 𝑄𝑟𝑎𝑑. From Equations (22) and (27), the total heat rejection power
consumption characteristic model is:

𝑃𝑐𝑜𝑜𝑙 = 𝜆𝑝𝑢𝑚𝑝𝑄3
𝑐𝑜𝑛𝑑 + 𝜆𝑓𝑎𝑛(1 − 𝜆𝑟𝑎𝑚)𝑄3

𝑐𝑜𝑛𝑑 + 𝜆𝑟𝑎𝑚𝑄𝑐𝑜𝑛𝑑

Defining the sub-term 𝑄𝑐𝑜𝑛𝑑
𝑃𝑐𝑜𝑜𝑙

as the ORC cooling system energy efficiency coeffi-
cient 𝐶𝑂𝑃𝑐𝑜𝑜𝑙, which is controlled by condensation pressure. According to Yang
et al. [10], when using full fan cooling, 𝐶𝑂𝑃𝑐𝑜𝑜𝑙 typically ranges from 3 to 5.

2.2.4 Efficiency Model Integration Discretizing Equation (12) using back-
ward difference yields:

𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) = 𝑄𝑒𝑥(𝜅)⋅𝜂𝑒𝑥(𝜅)−𝜏𝑖𝑛𝑒𝑟𝑡𝑖𝑎
𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) − 𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅 − 1)

Δ𝑡 +Δ𝑄𝑝𝑢𝑙𝑠𝑒(𝜅)

where Δ𝑡 is the decision step size. At time 𝜅, exhaust heat release 𝑄𝑒𝑥(𝜅) is
calculated from exhaust temperature 𝑇𝑒𝑥,𝑖𝑛(𝜅) and mass flow rate 𝑚̇𝑒𝑥(𝜅). The
evaporator wall average temperature uses the value from time 𝜅 − 1, updated
via:

𝑇𝑤(𝜅) = 𝑇𝑤(𝜅 − 1) + 𝑄𝑒𝑥(𝜅) − 𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅)
𝑚𝑤𝑐𝑝,𝑤

Δ𝑡

At time 𝜅, the decision variable 𝑃𝑒𝑣𝑎𝑝(𝜅) causes a pulse energy change
Δ𝑄𝑝𝑢𝑙𝑠𝑒(𝜅) equal to the wall thermal capacity absorbing or releasing energy
due to working fluid saturation temperature change:

Δ𝑄𝑝𝑢𝑙𝑠𝑒(𝜅) = 𝑚𝑤𝑐𝑝,𝑤 ⋅ 𝜆𝐸𝑃 ⋅ Δ𝑇𝑅𝐶,𝑠𝑎𝑡(𝜅)

where Δ𝑇𝑅𝐶,𝑠𝑎𝑡(𝜅) is the difference between saturation temperatures corre-
sponding to decision variables at times 𝜅 and 𝜅 − 1.
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Using Equations (14), (16), and (29), the operating mode 𝜉𝑚𝑜𝑑𝑒(𝜅), power gen-
eration 𝑊𝑅𝐶(𝜅), and cooling power 𝑃𝑐𝑜𝑜𝑙(𝜅) at time 𝜅 are calculated in discrete
form:

𝜉𝑚𝑜𝑑𝑒(𝜅) = {1 if 𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) ≥ 𝑄𝑅𝐶,𝑒𝑓𝑓,𝑚𝑖𝑛(𝜅)
0 otherwise

𝑊𝑅𝐶(𝜅) = 𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) ⋅ 𝜂𝑐𝑦𝑐𝑙𝑒(𝜅)

𝑃𝑐𝑜𝑜𝑙(𝜅) = 𝜆𝑐𝑜𝑜𝑙 ⋅ 𝑄𝑅𝐶,𝑒𝑓𝑓(𝜅) ⋅ (1 − 𝜂𝑐𝑦𝑐𝑙𝑒(𝜅))

The system efficiency at time 𝜅 is then:

𝜂𝑆𝑦𝑠𝑡𝑒𝑚(𝜅) = 𝑊𝑅𝐶(𝜅) − 𝑃𝑐𝑜𝑜𝑙(𝜅)
𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡(𝜅)

Four coefficients require calibration: exhaust-side heat transfer coefficient scal-
ing factor 𝜆𝑒𝑥, inertia time flow correction factor 𝜆𝑚, temperature correction
factor 𝜆𝑇 , and wall thermal pulse energy temperature difference correction fac-
tor 𝜆𝐸𝑃 .

3. Efficiency Model Validation

Based on the simulation platform described in literature [6], the developed ef-
ficiency model was validated and applied to the control framework shown in
[Figure 4: see original paper] for online optimization and management of the
ORC system, further verifying model effectiveness through application results.

3.1 Model Accuracy Validation The efficiency model was calibrated across
four operating points from low-speed/low-load to high-speed/high-load condi-
tions, with parameters shown in Table 2 . Although sufficient experimental
data is unavailable for comprehensive validation, if the efficiency model trends
match the detailed simulation model, it has potential to replace the detailed
model for online optimization and control.

Table 2 Parameters Setup

Parameter Value
ESC Conditions (except idle) Water cooling (fan assisted)

The calibration results comparing the efficiency model with the simulation model
are shown in [Figure 7: see original paper].

[Figure 7: see original paper] Calibration of the efficiency model
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3.2 Model Application Validation The efficiency model was applied to the
ORC system optimization control framework in [Figure 4: see original paper]
to online optimize evaporation and condensation pressures, improving dynamic
characteristics, operating mode stability, and coupling balance. Validation was
performed under HWFET driving cycle conditions with full vehicle load and
full fan cooling.

Note: The HWFET cycle duration is 765 seconds. To validate control effec-
tiveness, ORC thermal capacity must be limited; otherwise, excessively long
start-up times would prevent method validation. Therefore, a relatively low
thermal capacity of 50 kg stainless steel equivalent was used. Under these un-
favorable conditions with poor wall thermal inertia and insufficient buffering
against exhaust disturbances, the proposed control framework and efficiency
model were validated for broader applicability. Results are shown in [Figure 8:
see original paper].

[Figure 8: see original paper] Control effect of the ORC system during the
HWFET driving cycle

Based on [Figure 8: see original paper], the ORC waste heat recovery system
online optimization and control implementation is described as follows:

1) A low-pressure start strategy is adopted to shorten ORC system start-up
time.

2) During start-up, condensation pressure is set to the upper limit of 0.8
MPa (limited by working fluid pump inlet pressure in bench tests). This
decision keeps the cooling system inactive, reducing cooling water pump
and fan power consumption while minimizing heat loss to promote rapid
ORC warm-up.

3) After start-up and acceleration, the ORC system enters power generation
mode. In this mode, the manager and efficiency model collaborate to
achieve three functions: (i) operating mode management to avoid enter-
ing protection mode; (ii) dynamic efficiency optimization by controlling
evaporation pressure to match exhaust temperature, improving ORC ef-
ficiency; and (iii) profit-loss coupling balance by managing condensation
pressure to optimize the relationship between ORC power generation and
cooling power consumption.

Specific implementation results: - During sudden vehicle deceleration with insuf-
ficient exhaust energy, steam temperature and superheat decrease. By reducing
evaporation pressure, superheat is maintained above safety limits to avoid en-
tering protection mode. The controller simultaneously reduces working fluid
pump flow rate to coordinate with evaporation pressure, keeping steam super-
heat around 10 K throughout the cycle. - During high-speed cruising or accel-
eration with sufficient exhaust energy, evaporation pressure gradually increases
to maintain high-efficiency ORC operation. - For balancing ORC generation
and cooling power consumption: during acceleration with high continuous heat
absorption and rejection, condensation pressure targets are increased to enlarge
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heat rejection temperature difference and COP, reducing cooling power; during
deceleration or cruising with low heat transfer, condensation pressure targets
are decreased to prioritize ORC conversion efficiency.

Overall, using the developed efficiency model and control framework, ORC ef-
fective working time reaches 94%, steam superheat is controlled within 5–15 K,
and the ratio of heat rejection power to generation power is maintained below
20%, achieving 2.2–2.8% fuel savings in the HWFET cycle.

4. Conclusions

To overcome the bottleneck of online optimization control for ORC waste heat re-
covery systems, this paper comprehensively considered dynamic characteristics,
operating mode features, and coupling characteristics to develop an efficiency
prediction model and proposed an online optimization control framework and
strategy. Simulation results validated the effectiveness of the efficiency model
and control architecture, leading to the following conclusions:

1) Diesel engine ORC waste heat recovery systems exhibit strong dynamic
characteristics, operating mode features, and coupling characteristics,
making steady-state-calibrated optimal control laws impossible to imple-
ment during dynamic operation. Online optimization of evaporation and
condensation pressures is necessary.

2) Based on the first law of thermodynamics for ORC systems and focusing
on dominant evaporator step response characteristics, a dynamic correc-
tion model for effective heat transfer and an operating mode switching
predictive factor were proposed. An empirical model for condenser heat
rejection power consumption was established using a combined mecha-
nism and data-driven approach, integrating them into an ORC waste heat
recovery system efficiency prediction model.

3) The developed efficiency prediction model shows less than 5% error com-
pared with the detailed simulation model and matches its trends, making
it suitable for online optimization and control of ORC waste heat recovery
systems.

4) HWFET driving cycle simulation results validated the efficiency model’s
effectiveness: ORC effective working time reached 94%, steam superheat
was controlled within 5–15 K, and the ratio of heat rejection power to
generation power was maintained below 20%.
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