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Keywords:
plant and accounts for up to 50% of the total start-up time and plant flare emissions. Premature feeding of crack-
ing furnaces can be avoided if the cracking gas compressor is started and the refrigeration system is precooled in
advance using mixed gas as the start-up working medium (SWM). Start-up scenario with mixed gas as SWM
could significantly reduce the emission loss and shorten the precooling time. Research shows thatmaking appro-
priate start-up scheme is important not only to ensure operational safety and feasibility, but also to reduce energy
consumption. In this paper, a method is proposed to select suitable start-up operational parameters of compres-
sion and refrigeration systemwith sufficient safe operating ranges and short precooling time. The complex inter-
relation among key parameters of start-up is analyzed. It is found that higher energy consumption, especially for
super high-pressure steam (SS), can promote operational safety and shorten the precooling time during start-up.
Based on steady-state and dynamic simulation, appropriate operating parameter ranges are determined with
reasonable SS consumption. A real case study demonstrates that an appropriate start-up scheme will optimize
the operation.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Start-up operation for continuous chemical plants differs from
steady-state operation and is a dynamic, complex and difficult process,
especially for large-scale plants such as ethylene plants. It usually in-
volves discontinuous and/or parallel operating procedures and changes
to many controller set points [1]. In this complex dynamic process a
large amount of off-spec products is produced. Optimization for start-
up of ethylene plants has economic and environmental benefits such
as energy saving, throughput improvement and emission reduction,
and has therefore receivedmore attention from academics and industry
[1–3].

Normal ethylene plant start-up includes sequential feeding of crack-
ing furnaces, starting compressors, and conveying start-upworkingme-
dium (SWM) to cryogenic treatment and separation systems. Several
strategies for ethylene plant start-up were proposed and applied in re-
cent years [4–6]. Total reflux technology of distillation column, which
saves at least 12 h of start-up time, is widely used in the last three de-
cades [7]. Cycling start-up method was proposed in 1980s, recycling
the off-spec product to the system and separating again [4,8]. The
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most important strategy is to replace SWM, starting the cracking gas
compressor and precooling refrigeration systemwith SWMbefore feed-
ing furnaces [9,10]. Depending on the use of SWM, start-up techniques
could be classified into several categories such as a cracking gas run, ni-
trogen run, methane run, and mixed gas run (MGR) [10,11]. The nitro-
gen run is used widely in ethylene plant start-up, but it only precools
refrigeration systems to approximately −90 °C. Refrigeration system
cooling from −90 °C to normal operating temperature requires long
time after the cracking furnaces are fed [6,10]. To solve this problem,
techniques such as MGR have been proposed, mixed gas is used to re-
place nitrogen and precool the refrigeration system after the nitrogen
run [9].

Operational feasibility and safety problems are involved when
modifying the start-up scheme and optimizing operating parameters.
It is difficult for operators, engineers and administration to produce a
detailed start-up scheme to target minimum emission and energy by
experience and trial. Unsuitable schemes and operationswill cause con-
siderable emissions, energy losses and even accidents [1,7,12–14]. For
instance, during the shut-down of Lyondell Chemical Co., Channelview,
TX in 2007, large quantities of process gas was condensed in the com-
pressor train, resulting in a premature shut-down because the molecu-
lar weight of the actual recycling materials was much heavier than that
in normal operations and the system could not remove these condensed
liquids from the compressor train [15]. In order to overcome the short-
coming, Xu et al. proposed a methodology for flare minimization via
ustry Press. All rights reserved.
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dynamic simulation [1]. Yang et al. developed a pressure-driven dynam-
ic simulation model to study the performance of a multistage compres-
sor during start-up [16]. Zhao et al. developed a rigorous dynamicmodel
for integrated cryogenic separation system to identify the bottleneck of
start-up and potential infeasibilities [17]. Complex start-up operation
involves large quantities of parameters, which couple, interweave and
influence one another. However, these previous researches only focus
on basic optimal start-up schemes to reduce emission loss, but do not
expound the interrelations among start-up parameters and determine
the parameters for the optimal start-up scheme.

In this paper, start-up scheme is studied to give more guidance for
safety and emission reduction of ethylene plant start-up. The interrela-
tions among parameters, such as super high-pressure steam (SS) pro-
duction, safe operating ranges, and precooling time, are analyzed. A
method is developed to select start-up schemes with sufficient safe op-
erating range and good effort of emission reduction and energy saving
based on plant devices and resources. The method to select and deter-
mine a suitable start-up scheme is validated using industrial data.
Steady-state and dynamic models of the compression and refrigeration
systems are developed using Aspen Plus V8.0 and Aspen Plus Dynamics
V8.0.

2. Refining Start-up Scheme

To select suitable start-up scheme, a method is developed, as shown
in Fig. 1, for start-up of ethylene plants with different SWM (nitrogen,
methane, mixed gas). When the SWM is not pure component, its com-
position should be considered. In this paper, an actual case is used to
demonstrate the complex situation. SS is the most important start-up
energy, which is produced by cracking furnaces or external SS device.
Reducing the SS consumption can save the energy of start-up. It is ex-
pected that all SS canbeproduced by cracking furnaces under the stand-
by state. The key step of start-up is to start the cracking gas compressor
and ensure the outlet pressure (Pout) satisfying the required pressure.
Fig. 1. Framework of
Each start-up scheme has a corresponding outlet pressure (MaxP) at
the surge safe line, which is a little higher than Pout, and the safe operat-
ing range of start-up scheme is between Pout and MaxP. Fixing the SS
production and MaxP, the SWM composition and compressor speed
can be determined, which are influenced by each other. The precooling
time t and safe operating rangeΔFm, the compressor feed rate difference
at Pout and MaxP, can be calculated via steady-state and dynamic simu-
lation after suitable operating parameters are determined. Larger safe
operating rangeΔFm and shorter precooling time t are expected to com-
plete the start-up operation safely in acceptable time. If t and ΔFm can-
not satisfy the requirements, the selected parameters should be
adjusted. Change 1 is to adjust the SWM composition and compressor
speed simultaneously for a more suitable start-up scheme. Change 2 is
to extend the safe operating range by increasing MaxP, while the
precooling time will be extended inevitably. When these adjustments
cannot give a satisfactory start-up scheme, Change 3 is selected to in-
crease the SS consumption to improve the operational performance.

3. Compression and Refrigeration System

An ethyleneplant includes cracking system, compression system, re-
frigeration system, separation system, etc. The separation system has
different degrees of integration with the refrigeration system. Fig. 2
shows three common separation technologies. They all use mixed gas
composed of a C2-fraction (such as hydrogen, methane, ethylene and
ethane) in the refrigeration system after the compression system,
which is separated into hydrogen, methane and C2 fraction. There are
no significant differences with different separation technologies during
MGR.

We choose an ethylene plant with front-end deethanization sep-
aration process and 1 × 106 t·a−1 ethylene production to apply the
start-up scheme selecting method during MGR. Fig. 3 shows a
schematic flowsheet of its compression and refrigeration systems.
The compression system consists of a five-stage turbine compressor
general method.



Fig. 2. Three common separation processes in ethylene plants [18].
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(K-1), five heat exchangers (E-1 to E-5), and five flash tanks (V-1 to
V-5). Under normal operating conditions, the input of the compres-
sion system is cracking gas at S1 (1.3 × 105 Pa) with an outlet pres-
sure in stream S30 of 38.3 ×105 Pa. S18 and S29 are compressor
return lines. The C2-fraction of the compression system output en-
ters the refrigeration system after the front-end deethanization sys-
tem. The refrigeration system consists of four cold boxes (CB-1 to CB-
4), three flash tanks (V-6 to V-8), a demethanizer (C-1) and a C2
Fig. 3. Flowsheet of compressio
absorber (C-2). The system input is cooled stepwise through the four
cold boxes to −162.3 °C. The output stream S45 of CB-4 is separated
by the flash tank into two phases in V-8 with the gas phase (hydrogen)
being returned directly to CB-4 and the liquid phase being divided into
two streams (high- and low-pressuremethane) before returning to CB-
4. During start-up withmixed gas, the refrigeration system is precooled
to−90 °C using nitrogen and then precooled to−162.3 °C usingmixed
gas. The refrigeration cooling speed should not exceed 40 °C·h−1 and
n and refrigeration system.
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the outlet compressor pressure should exceed 24 × 105 Pa. Based on the
rawmaterial storage inventory of the plant, hydrogen, methane and eth-
ylene are selected as the mixed gas components. To maintain the
refrigeration system pressure below the critical value, hydrogen must
be of a certain proportion in the mixed gas. For this ethylene plant, a
fixed mole ratio of hydrogen and methane (1:25) is used during feeding.
4. Modeling and Analysis

Rigorous steady-state and dynamic models are developed to analyze
start-up of ethylene plant compression and refrigeration systems. All
steady-state and dynamicmodels are based on plant design data integra-
tion, process flow diagrams, piping and instrumentation diagrams, dis-
tributed control system historical data, compressor performance curves,
equipment dimensions, heat capacity data and industrial expertise [17].
4.1. Influence on compression system

By adjusting parameters in the steady-state models of cracking gas
compressor, safe operating ranges of the compressor are obtained for
different SWM compositions and compressor speeds. Fig. 4 shows safe
operating ranges for the same SWM composition at different compres-
sor speeds and Fig. 5 shows those for the same compressor speed and
different SWM compositions. MaxF and MinF denote the flow rates of
compressor stonewall and surge limits. The area between them is con-
sidered as safe operating range of the cracking gas compressor. An ex-
cessive light component mole ratio (H2/CH4) will reduce the safe
operating range significantly. To guarantee safe compressor operation,
an upper limit is provided for the ratio of light components. Compressor
speed, flow rate, and mixed gas components are related closely and in-
fluence each other. Hence, a compressor speed above 3970 r·min−1 and
a light component mole ratio below 0.4 are better.
Fig. 4. Safe compressor operating ranges for same SW

Fig. 5. Safe compressor operating ranges for same com
4.2. Influence on cracking system

The cracking gas compressor is a turbine compressor driven by SS.
The compressor power upper limit is determined by SS production. SS
can be produced by cracking furnaces or external SS devices, but exter-
nal SS devices for start-up are uncommon in ethylene plants and addi-
tional equipment investment is required. SS production of cracking
furnaces differs significantly under feeding or standby conditions.
Table 1 gives the SS production of one cracking furnace under different
operating conditions. A cracking furnace with 60 t naphtha feeding per
hour can provide 80 t SS per hour in feeding mode but only 23–37 t SS
per hour on standby. SS production can be increased by increasing the
cracking furnace outlet temperature (COT) and feeding rate when the
cracking furnaces are on standby.

In each cracking furnace in feeding mode, all cracking gas produced
by the cracking furnace is sent to the flare system as an off-specification
product before the refrigeration system reaches normal operating tem-
perature conditions (−162.3 °C). And external SS device is needed if the
SS demand is greater than the SS capacity of cracking furnaces, which
means a large equipment investment. Ideally, the cracking gas compres-
sor is started using mixed gas, and all mixed gas is cycled while the
cracking furnaces on standby andnoexternal SS is needed. The selection
of cracking furnace parameters on standby influences SS production sig-
nificantly so that SS production and demand must be considered in the
simulation.

The pressure required for system start-up is generally defined by
some specific devices. In this case study, to guarantee normal dryer op-
eration and avoidwater entering the refrigeration system, the compres-
sor outlet pressure should be more than 24 × 105 Pa. The compressor
power is almost identical for the same SWM at the same speed. Fig. 6
shows the compressor power and SS demand for the same SWM (H2/
CH4 mole ratio 0.3880) and different outlet pressure (surge limit pres-
sure).When the system pressure requirement is reduced by equipment
renovation, the SS demand could be reduced significantly.
M composition and different compressor speed.

pressor speed and different SWM composition.



Table 1
SS production under different cracking furnace operating conditions in the case study

Condition Feeding Standby

Medium NAP GAS HTO Steam Steam Steam

Feed rate/t·h−1 60.7 44 57.2 36 36 43
COT/°C 835 855 835 760 800 850
Fss/t·h−1 79.2 65.3 80.7 23.0 28.3 36.5

Fig. 6. Compressor power and SS demand for the same SWM (H2/CH4 at mole ratio
0.3880) and different outlet pressures (pressure of surge limitMaxP).
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4.3. Influence on refrigeration system

In MGR, the mixed gas flow rate at refrigeration system inlet is
basically the same as that at compression system outlet. By com-
bining the outlet pressure of the compression system, dynamic
models of the refrigeration system are developed. The time for
precooling the refrigeration system from −90 °C to −162.3 °C
can be calculated.

Precooling time is one of the most important factors for total start-
up time and determines emission and energy losses by cracking fur-
naces (and external SS devices). Shorter precooling time is better.
Fig. 7 shows the precooling time with different compressor outlet pres-
sures. The flow rate entering the fourth cold box can be higher if the
light component ratio is higher or the compressor speed is lower. The
throttling effect is better and the precooling time is shorter. From
Fig. 7, a mole ratio of H2/CH4 greater than 0.35 and a compressor pres-
sure lower than 24 bar reduce the precooling time.
Fig. 7. Precooling timewith different compressor outlet pressures at the same compressor
speed and different inlet flow rates.
5. Selecting Start-up Scheme

The interrelations of parameters such as MG composition, flow rate,
compressor speed, SS consumption and precooling time of refrigeration
system are so complex that they cannot be summarized using simple
function relations. Thus a graphicalmethod based on simulation is used.

Fig. 8 shows the start-up operation information, as shown in Table 2,
giving the integration of key parameters in three systems (different
stages of the cracking gas compressor) with different MaxP, such as
SWM composition, flow rate, compressor power and speed, SS produc-
tion, safe operating range, and precooling time.

With Fig. 8 and themethod shown in Fig. 1, suitable start-up scheme
in this case is selected as follows.

(1) Themaximum SS production is 320 t·h−1 when all cracking fur-
naces are on standby. The upper limit of SS production Fss is fixed
at 320 t·h−1. To satisfy pressure requirements of subsequent sys-
tems, the outlet pressure of the compressor Pout should achieve at
least 24 × 105 Pa, soMaxP can be set at 26 × 105 Pa or 28 × 105 Pa.

(2) LetMaxP=26×105 Pa. FromFig. 8(a), reasonable range formole
ratio H2/CH4, rmole, is 0.38with precooling time t of 6.1 h. The safe
operating range of the compression system ΔFm is around
4.5 t·h−1, only 1.3% of the total flow rate of the first three stages
of the compressor Fm. It is an energy saving start-up scheme and
the precooling time is acceptable, but the safe operating range is
so small that it is difficult to ensure a safe start-up.

(3) Let MaxP= 28 × 105 Pa. Suitable range for rmole is 0.35, the safe
operating range ΔFm increases to 11.5 t·h−1, which is equal to
3.2% of Fm, while the precooling time t is extended to 6.9 h.

(4) Increasing the upper limit of SS production to 345 t·h−1 and
keepingMaxP at 28 × 105 Pa, the optimal rmole is 0.420, which al-
lows the precooling time t to be shortened to 5.0 h and the safe
operating range ΔFm to be extended to 9.8 t·h−1, around 2.3%
of Fm. However, the SS consumption of this start-up scheme ex-
ceeds themaximumSS capacity of cracking furnaces and external
SS device is needed.

Above all, a most suitable start-up scheme is given as follows:

FSS ¼ 320t � h–1
;MaxP ¼ 28 � 105 Pa; rmole ¼ 0:352;

ΔFm ¼ 11:5t � h–1
; t ¼ 6:9h:

It can be seen that higher SS consumption increases the process en-
ergy loss, but yields shorter precooling time and safer operating range.
The essence is to optimize key parameters based on simulation and ob-
tain a start-up scheme with the minimum SS consumption satisfying
operating requirements.

6. Conclusions

Selection of a suitable start-up scheme for compression and refriger-
ation system of ethylene plants is a multi-objective problem balancing
the SS production, safe operating range and precooling time. Larger
safe operating range and shorter precooling time are at the expense of
higher SS consumption. Amethod to select appropriate start-up scheme
at the minimum SS consumption with sufficient safe operating range
and acceptable precooling time is developed and demonstrated using
industrial data. The study has significant value for guiding production
and reducing emission during ethylene plant start-up.
Nomenclature
Fm mass flow rate of the first three stages of the cracking gas

compressor
FSS mass flow rate of SS consumption
ΔFm safe operating range (mass) of the first three stages of the

cracking gas compressor



Fig. 8. Integration of start-up operation information.

Table 2
Supplementary explanations of Fig. 8

Scheme (a) (b) (c) (d)

Cracking gas compressor First three stages Last two stages First three stages Last two stages
MaxP × 10−5/Pa 26 26 28 28
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MaxP pressure of the compressor surge safe line at fixed compres-
sor speed

Pout outlet pressure of the cracking gas compressor
rmole mole ratio H2/CH4 in mixed gas
T precooling time of the refrigeration system during MGR
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