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Abstract
China Energy’s National Institute of Clean-and-Low-Carbon Energy (NICE) is developing a Power Plant Smart 
Management (PPSM) platform that employs digital-twin technology to undertake techno-economic modelling 
analysis on China Energy’s existing coal-fired power-plant units and explore cost-effective solutions to 
improve those plant units’ thermal efficiencies and operating performance. This paper presents a case study 
of PPSM on a 320-MWe coal-fired thermal power-plant unit, demonstrating how the digital-twin technology 
was employed to explore and analyse optimization solutions. Various optimization solutions and their cost-
effectiveness were assessed using the digital-twin-modelling analysis; the results indicated the optimization 
solutions are expected to improve the plant unit’s operating efficiency and reduce its current electricity-
generation coal consumption by up to 3.5 g/kWh standard coal equivalent (sce), worth annual fuel-cost savings 
of approximately 4 million RMB for a single unit or 8 million RMB for the two identical 320-MWe units that the 
power plant currently operates. The digital twin was also employed to assess the power-plant unit’s operating 
economics during both summer and winter. In summer, when the unit operates in electricity-generation-
only mode, the unit’s operating thermal efficiency could drop by up to 6% points following the grid demand of 
load changes from 100% maximum continuous rating (MCR) down to 30%MCR, resulting in an ~ 45 RMB/MWh 
increase of electricity-generation cost. In winter, when the unit operates in combined heat and power (CHP) 
cogeneration mode, for the same boiler load, the CHP operation increases the plant unit’s operating profit with 
increasing district-heating duty, although the relative profit gain from the CHP cogeneration could start to 
decrease when the district-heating steam-extraction flow increases to a certain point that varies depending on 
the market prices of heat and electricity, while the fuel cost was found to be equivalent to ~50% of the unit’s 
total CHP income cogenerated from its electricity and district heat outputs.
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Introduction
The electric-power-generation market in China is highly 
regulated by the central government and the regional ad-
ministrations. In order to meet the power grid’s demand 
to accommodate the increasing intermittent power sup-
plies from renewables such as wind and solar power, many 
baseload coal-fired power-generation units are required 
to operate in a load-following mode. This not only causes 
undesirable thermal stresses to the plants’ pressure parts 
and turbomachinery, but also results in low thermal ef-
ficiencies and low-capacity factors that impair the eco-
nomics of those power plants. It was reported that >50% 
of coal-fired power plants in China operated at losses in 
year 2018 due to the high fuel cost and depressed electri-
city or heat prices [1, 2]. The best way for those coal-fired 
power plants to stay competitive or become more profit-
able is to improve their operating efficiencies to reduce the 
plant-operating costs, of which 60~70% generally comes 
from fuel.

China Energy Investment Corporation Limited (‘China 
Energy’) is the world’s largest energy and power com-
pany, with 239-GWe installed power-generation capacity 
including 176-GWe capacity from its fleet of 478 coal-fired 
power-generating units [3]. The coal-fired power-plant fleet 
generated 760 billion kWh electricity and approximately 
600 million tons of CO2 emission in year 2017. The average 
electric-generation coal consumption is approximately 
305  g(sce)/kWh [4]—a 1-g(sce)/kWh coal-consumption 
reduction for the fleet would be equivalent to an annual 
fuel-cost reduction of 450 million RMB for China Energy. 
A 1% point improvement in the average thermal efficiency 
would reduce the fleet’s annual fuel cost by approximately 
1.4 billion RMB and CO2 emissions by 6 million tonnes.

Aiming to optimize the operations of China Energy’s 
existing coal-fired power-plant fleet, China Energy’s 
National Institute of Clean-and-Low-Carbon Energy 
(NICE) is developing a Power Plant Smart Management 
(PPSM) platform. The core of the PPSM platform is its 
customized ‘digital-twin’ numerical models of the ex-
isting coal-fired power-generation units. Digital twins 
can be employed to simulate and analyse each unit’s ac-
tual operating performance in comparison to its optimal 
performance at varying operating conditions, investi-
gate the root causes of the performance deviations and 
evaluate the cost-effectiveness of optimization solutions. 
This paper presents a case study for a 320-MWe coal-fired 
thermal power-plant unit. A  digital twin was built for 
the power-plant unit including its boiler island, steam-
turbine island and the emission-control sub-systems. The 
digital twin was employed to simulate the unit’s actual 
operating performance in comparison with its original 
equipment manufacturer (OEM) design performance, 
analyse the impacts of varying operating conditions on 
plant thermal performance and evaluate the impacts of 
fuel, electricity and heat market-price variations on plant 
economics.

1  Methods
1.1  Digital-twin model

The case study was to build a digital-twin numerical 
model of a coal-fired thermal power-plant unit and use 
the digital twin to analyse the plant-operating perform-
ance and explore optimization solutions to enhance the 
plant-operating economics. A  digital twin is a compre-
hensive physics-based numerical model of a power-plant 
unit that can simulate the thermodynamic performance 
and calculate the heat and mass balance of the plant’s 
overall system, sub-systems and major plant compo-
nents, respectively, for any given operating conditions. 
The digital twin developed using the ThermoflowTM 
software suite included models of the boiler island, 
steam-turbine island and emission control equipment 
as shown in Fig. 1.  Emission control equipment con-
sists of selective catalytic reduction (SCR), electrostatic 
precipitator (ESP), and sea-water flue gas desulfuriza-
tion (SWFGD) scrubber. The digital twin was configured 
and sized using the unit’s OEM design specification data, 
which represent the unit’s OEM design performance at 
320-MWe base load.

The digital twin was then calibrated using the plant 
unit’s recent operating-performance data extracted from 
the distributed control system system, which represents 
the actual performance of the thermal power-plant unit. 
The calibrated digital model was validated by simulating 
the performances of various part-load-operating cases 
that were well in line with the actual performances. 
Therefore, the calibrated digital twin can be employed 
to simulate plant performance under given operating 
conditions.

1.2  Power-plant design and operating data

The power-plant unit selected for the case study was a 
subcritical coal-fired thermal power-plant unit with 
main design performance data summarized in Table 1. 
The thermal power-generation unit has an electricity-
generation capacity of 320 MWe with conditions for the 
high pressure (HP) and intermediate pressure (IP) steam 
as follows: 16.7 MPa (HP)/538°C (HP)/538°C (IP); it was de-
signed for combined heat and power (CHP) cogeneration 
with a steam-extraction capacity of 350 tonnes/hr from 
its steam-turbine IP and low pressure (LP) crossover for 
district heating during wintertime.

Data on plant operations and economics were pro-
vided by the plant operator. The operating data reported 
in this paper correspond to ‘representative’ conditions 
during a period of steady-state operation near full load 
in the summer and winter of 2018. Variability in the data 
due to load following was observed, but a discussion of 
its sources and the performance of the digital twin under 
load-following conditions is beyond the scope of this 
paper.
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2  Results and discussion
2.1  Power-plant-performance analysis and 
optimization solutions

Fig. 2 presents the schematic diagram of the digital twin 
of the power-plant unit operating at full load (320 MWe) in 
the summertime of year 2018.

Table 2 compares the actual operating conditions and 
performance of the plant at full load (Fig. 2) to that of 
the OEM design full load (Fig. 1). In actual operation, the 
power plant unit achieved its targeted HP and IP steam 
temperatures  of 538°C. However, there was ~3.5% more 
HP steam flow, 2.5-bar lower HP steam pressure, 5°C lower 
boiler feed-water temperature and ~1.46% points lower 
thermal efficiency compared with the design. Some of 
the deviations were due to non-operational factors such 

as the higher-than-design ambient and cooling-water 
temperatures resulting in higher condenser pressure, 
while some were due to operational factors such as poor 
operating practices or hardware components’ perform-
ance deterioration.

One factor significantly impairing the unit’s operating 
thermal efficiency was the excessively high boiler exit (i.e. 
air-heater exit) flue-gas temperatures. The actual operating 
temperatures reached an average of 147°C and as high as 
160°C at some points; this was much higher than the 134°C 
of the design case.

The root cause of this effect was identified by the digital-
twin-modelling analysis. It was revealed that a large frac-
tion (up to nearly 50%) of the cold primary air stream into 
the air heaters was bypassed and used as tempering air 
to control the mills’ outlet temperatures; this resulted 

Table 1 Design performance data of a 320-MWe coal-fired thermal power-plant unit

Design 
load 

Gross electric 
output HP inlet steam

IP inlet 
steam

Feed-water 
temperature

Condenser 
pressure

District-heating  
steam-extraction flow

MWe Tonnes/hr MPa ℃ MPa ℃ ℃ kPa Tonnes/hr

THA 320.0 976.9 16.7 538 3.464 538 280 4.9 –
TMCR 329.6 1013.6 16.7 538 3.583 538 282.4 4.9 –
CHP 253.6 1013.6 16.7 538 3.571 538 282.3 4.9 350

THA, turbine heat-rate acceptance; TMCR, turbine maximum continuous rate; CHP, combined heat and power.
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Fig. 1 The digital twin of a 320-MWe coal-fired thermal power plant—baseline design performance
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in reduced heat transfer to the primary air stream from 
the flue-gas stream. This situation was more a hardware-
design issue rather than an operating problem. Bypassing 
cold primary air for mill-tempering control is common de-
sign practice for conventional pulverized coal-fired power 
plants, and it is common for plants to have oversized air 
heaters in order to provide enough margin to maintain its 
mills’ air-tempering capability and flexibility to cope with 
firing different types of coals and variations in loads and 
operating conditions.

The minimum allowable air-heater exit-flue-gas tem-
perature is normally dictated by the acid dew point of the 
flue gas, depending on the sulfur and moisture contents 
of the coal fired in the boiler. For the type of coal currently 
used by the thermal power unit under study, the air-heater 
exit-flue-gas temperature can be as low as 115°C, without 
incurring acid corrosion risk in the air heater; reducing the 
boiler exit-gas temperature to as low as is allowed would 
significantly improve the boiler thermal efficiency and re-
duce the electricity-generation fuel-consumption rate.

Table 2 Comparisons of plant performances (actual vs. design)

Design Operation Deviation Notes

Plant gross output MWe 320.04 320.46 0.13%  
Plant electric efficiency (gross) %LHV 41.83% 40.17% –1.66%pts  
Plant electric efficiency (net) %LHV 39.27% 37.81% –1.46%pts  
HP steam flow tph 976.9 1011.6 +3.55% Operational
HP steam temperature °C 538 538.7 +0.1% Operational
IP steam temperature °C 538 537.3 +0.1% Operational
Boiler feed-water temperature °C 280 276.5 –1.25% Operational
HP steam pressure MPa 16.70 16.45 –0.25 MPa Operational
IP steam pressure MPa 3.46 3.55 +2.6% Operational
Condenser pressure MPa 0.049 0.092 +0.05 MPa Operational
Air-heater exit-gas temperature °C 134 147 13°C Hardware
Ambient temperature °C 15 38 +23°C Uncontrollable
Cooling-water temperature °C 15 30 +15°C Uncontrollable
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Fig. 2 The 320-MW power-plant-unit digital twin—actual full-load operating performance
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The digital twin was employed to investigate various 
optimization solutions within the boiler island to reduce 
the air-heater exit-flue-gas temperature without modi-
fication of the existing air heaters. An optimization so-
lution was identified (i.e. Opti 1 in Table 3) to be able to 
reduce the boiler exit-flue-gas temperature by up to 25°C 
from its current level, leading to an improvement in the 
plant unit’s heat rate by ~86 kJ/kWh, or equivalent to an 
~2.6-g(sce)/kWh reduction of electricity coal consumption. 
The modelling analysis also showed that this optimization 
solution can be flexibly operated either to maximize elec-
tric output during peak time or maximize fuel-cost saving 
during off-peak time for the best economic gain based on 
the plant operator’s preference.

A second optimization solution (Opti 2 in Table 3) was 
identified within the steam-turbine island, which opti-
mizes the utilization of the heat of the turbine bleed steam 
going to the dearator. This solution has the potential to in-
crease the plant heat rate by up to 15 kJ/kWh, or equivalent 
to a 0.5-g(sce)/kWh reduction in coal consumption.

The combination of the two optimization solutions 
(Opti 1+Opti 2)  can potentially reduce the baseline elec-
tricity coal consumption from its current level by up to 
3.5 g(sce)/kWh, or equivalent to an income increase of 875-
1075 RMB/hour for the same fuel consumption of its cur-
rent 320-MWe full load, based on the coal (sce) price of 600 
RMB/tonne and electricity price of 0.372 RMB/kWh.

2.2  Effects of load following

Due to power-generation overcapacity across the country, 
coal-fired power-plant operators in China are encouraged 
to pursue load-following flexibility with the lowest possible 
load-operating capability of their existing power-generation 
units. Not all operators are aware that their units were origin-
ally designed and optimized for baseload operations and that 
frequent irregular load changes cause undesirable thermal 
stresses to the plants’ pressure parts and turbomachinery, 

resulting in higher maintenance costs. A long period of low-
load operation also incurs significant penalties in thermal 
efficiency and low-capacity factors increase operating 
costs. For example, a 1000-MWe unit operating at 50%load 
or 40%load would increase the electricity-generation coal 
consumption by 41g(sce)/kWh or 68g(sce)/kWh, respectively, 
compared with that at full load [5].

Digital-twin simulations can assist power-plant oper-
ators to gain better understanding in the techno-economic 
impacts of various operating conditions on their plant 
units and provide guidance for optimizing operating 
practices over the long term. Specifically, the digital-twin 
models can be used to assess the impacts of variations 
in operating conditions on the plant thermal perform-
ance and the impacts of the market (price) fluctuations 
of fuel, electricity and district heat on the plant-operating 
economics.

Many baseload coal-fired power-generation units 
are required by the grid to do frequent load following in 
order to accommodate intermittent power generation 
from renewable sources such as wind and solar. Fig. 3  
shows the results from simulations of the 320-MWe power-
plant performance under a turndown scenario from 100% 
maximum continuous rating (MCR) down to 30%MCR. The 
electric efficiency drops by ~6% points—equivalent to an 
increase in the coal-consumption rate of 50 g (sce)/kWh, 
resulting in a 45-RMB/MWh increase in the electricity-
generation cost. Use of the digital-twin models to reduce 
these impacts will be the subject of future work.

2.3  CHP-operating strategies and seasonal 
optimization opportunities

The 320-MWe thermal power-plant unit under study also 
provides district heating during wintertime through steam 
extraction from its IP and LP crossover by up to 350 tonnes/
hr and up to 40 tonnes/hr steam export from its HP tur-
bine exhaust for local industry process utilization. CHP 

Table 3 Optimization-solution impacts on performance and economics

  320 MWe (electricity-generation mode)

 Optimization-solution assessment   Baselinea 

Opti 1 

Opti 2 

Opti 1 + Opti 2 

Operation 
mode 1b

Operation 
mode 2c

Operation 
mode 1b

Operation 
mode 2c

Gross electricity coal-consumption 
reduction

g/kWh 306.3 –2.22 –2.59 –0.48 –3.10 –3.45

Extra power output MWe 0.00 2.38 1.02 0.40 2.51 1.15
Fuel-cost difference (@600RMB/T) RMB/hr 0.00 8 –308 –20 –141 –447
Additional electricity income 

(@0.372RMB /kWh)
RMB/hr 0.00 885 379 147 934 427

Total hourly-income increase RMB/hr 0.00 877 687 167 1075 874

a320-MWe full-load comparison based on maintaining the same main steam conditions at the steam-turbine HP inlet.
bPeak-time-operation mode targeting for high profit. 
cOff-peak-time-operation mode targeting for low-fuel-consumption rate.
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cogeneration generally improves the plant unit’s overall 
CHP efficiency and operating economics, with benefits 
increasing with district-heating duty.

Fig. 4 presents the impact of the district-heating 
steam-extraction flow rate on the plant CHP cogener-
ation economics simulated by the digital twin. The total 
income of the power-plant unit’s CHP operation came 
from three components, namely the electricity produc-
tion (0.372 RMB/kWh), district heating (25 RMB/GJ) and 
industrial-process steam (65 RMB/GJ). The simulations 
assumed the power plant running in CHP cogeneration 
mode with the same amount of fuel fired as that of 320-
MWe full-load operation with a fixed small amount of 
steam export for the industrial process. Increasing the 
district-heating steam-extraction flow increases the 
income from district heating, while simultaneously 
decreasing the income from electricity production. The 
fuel cost was found to be ~50% of the total CHP income. 

The net impact is increased revenues due to the favour-
able relative pricing for heat. However, this trend breaks 
down at high levels of steam extraction, where the per-
formance of the LP steam turbine suffers due to inad-
equate steam mass flow.

Fig. 5a and 5b show the results of sensitivity analysis 
based on the market prices of heat and electricity, re-
spectively. The inflection in the curves corresponds to the 
steam-extraction rate where debits to the efficiency of the 
steam turbine become increasingly severe.

At the current heat pricing of 25 RMB/GJ, the relative 
benefit of CHP cogeneration will increase until the district 
heat output reaches ~175 MWth. Then, the benefit turns 
relatively flat until the district-heating duty reaches ~300 
MWth, when the CHP benefit starts to decrease following a 
further increase in the district-heating duty. The reversing 
trend could be avoided when the heat price increases to 
>26 RMB/GJ or the electricity price drops to <0.36 RMB/kWh. 
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These sensitivity curves can be used by plant operators to 
maximize the revenue of the plant, subject to additional 
operating directives issued by relevant market authorities.

3  Conclusions
The case study presented in this paper demonstrates how 
a digital twin can be built for a power-plant unit and em-
ployed as an effective tool to simulate the thermodynamic 
performance of the power-plant unit operating under 
various operating conditions, analyse the root causes of 
performance deviations, and explore optimization so-
lutions and assess their cost-effective impacts on plant-
operating economics.

It should be noted by both plant operators and 
power-market regulators that frequently irregular load 
changes to a coal-fired power plant cause undesir-
able thermal stresses to the plants’ pressure parts and 
turbomachinery, resulting in a shortened lifespan and 
increasing operation and maintenance (O&M) costs in 
the long term; low-load operation also incurs significant 
penalty in thermal-efficiency loss and low-capacity fac-
tors impairing long-term operating economics. For a 
320-MWe unit, reducing the load from 100%MCR down to 
30%MCR can result in ~6% points efficiency loss, equiva-
lent to a 50-g(sce)/kWh coal-consumption increase or 
45-RMB/MWh increase in the electricity-generation cost.

CHP cogeneration at a thermal power  plant gener-
ally improves the plant unit’s overall CHP efficiency and 
operating economics following the increase in district-
heating duty, which, however, could reach a turning point 
when the relative CHP economic gain may start to de-
crease; the turning point varies largely depending on the 
heat price and electricity price on the market. A  digital 

twin of a power-plant unit can be an effective tool to as-
sist the plant operators to operate their plant units in a 
cost-effective way following the price fluctuations of heat 
and electricity in the market.
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