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Abstract: The article presents the ideas of maximizing recovery of flare gases in the industrial plants
processing hydrocarbons. The functioning of a flare stack and depressurization systems in a typical
refinery plant is described, and the architecture of the depressurization systems and construction of
the flares are shown in a simplified way. The proposal to recover the flare gases together with their
output outside the industrial plant, in order to minimize impact on the environment (reduction of
emissions) and to limit consumption of fossil fuels is presented. Contaminants that may be found in
the depressurization systems are indicated. The idea presented in the article assumes the injection of
an excess stream of gases into an existing natural gas pipelines system. A method of monitoring is
proposed, aiming to eliminate introduction of undesirable harmful components into the systems.
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1. Introduction

There are many technologies applied in processing of so widely understood charges [1–5] in the
industrial plants dealing with crude oil or individual hydrocarbons processing. Typical production
processes carried out in the refineries are: fractional distillation process, catalytic cracking process,
gasoline reforming process, diesel/oil/hydro desulfurization, hydrocracking, gasoline isomerization,
asphalt oxidation, and storage of raw materials, semi-finished products and finished products [1–5].

As a part of the refinery, many auxiliary processes are carried out, without which a modern
refinery could not function, particularly the refinery in which extended are conversion processes that
lead to greater destruction of the hydrocarbon chain. Among these processes, the following should
first and foremost be distinguished [5–7]:

• Hydrogen production;
• Claus’s process;
• Energy media production processes;
• Wastewater treatment, production of circulating water; and
• Hydrogen recovery processes.

Refineries produce engine fuels, lubricating oils, other commercial fluids, and some refinery
products are used as raw materials for petrochemical processes. This is particularly important when the
refinery plant is integrated with a petrochemical plant [8]. Among the petrochemical processes, above
all should be mentioned [9–12] production of olefins, butadiene, aromatic hydrocarbons, cumene,
or ethylene oxide.

These processes aim at obtaining products that comply with the relevant technical specifications
(technical conditions, company standards, national standards, etc.). During almost every production
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process various types of by-products (gaseous, liquid) are formed. Great efforts are made to achieve
a situation in which the by-products are utilized within the production plants. In the case of gas
products, the aim is also to direct them to a further process. However, there is always a certain amount
of gas products that for various reasons cannot be utilized. Some of these streams are directed to the
flare stacks. These are not only streams coming from production but also streams from the preparation
of entire production units to stop (e.g., repairs), from commissioning, and finally from the preparation
of individual apparatus for repair, revisions provided for by law, system switching, etc.

It happens that industrial gas streams, directed to depressurization systems, are full-value products
which should be used outside the plants as a fuel for energy combustion whether they cannot be used
in the industrial plant at the moment.

The aim of this paper is to analyze the possibilities of maximizing recovery of the flare gases in
the hydrocarbon processing plants.

2. Flare Gases in the Industrial Plants

Some of the gas streams coming from various types of operations, carried out on production
installations, are directed to the flare stacks. However, it is not possible to consider the flare stack
as isolated from the entire depressurization system that is understood as a system of pipelines and
collectors with assigned devices supplying the flare gases to the flare [13,14]. The flare stacks are
applied and used most often in the crude oil and natural gas mining facilities, refineries, coke plants,
chemical plants, and garbage dumps. The flare stack (utilization flare) is a device, usually in a shape of
a stack, which burns the not utilized gas (generally), or which excess is impossible (or inexpedient) to
be managed or stored at a given moment. Gas combustion in flares is mainly used in order to:

• Protect the surrounding (locally) against the effects of uncontrolled migration of gas, e.g., against
explosion, poisoning, and fetor;

• Protect the environment by replacing emissions of more harmful gases by emission of less harmful
fumes (e.g., acid gases—hydrogen sulfide, ammonia—occurring primarily as waste gases during
the production process; directing acid gases to the flares happens extremely rarely).

In the most commonly used open flares, gas combustion takes place at their outlet [14]. In the
closed flares, gas combustion takes place in the inlet (lower) part of the flare. In view of construction,
it is usually a stack supported by a lattice tower supporting system with a triangle or a square base.
What distinguishes it from a typical stack it is the use of a different technological solution. In the typical
solutions, the stack serves for removal of waste gases that remain after the process, e.g., combustion.
In case of the flare stack, it is used to transport the waste gases coming from the technological processes
that will be burnt with open fire at its outlet, by the burner installed there. For this reason, the entire
technological system of the flare consists of a knockout drum with liquid seal drum located at the base,
constituting the beginning of the stack pipe, which can be a self-supporting element, self-supporting
with guy-ropes or can be supported on the tower lattice structure. In the upper part of the stack pipe
there is a head part with a molecular seal, protecting against the penetration of fire inside the stack and
equipped with a main burner in which the waste gases are burnt. The discharge gases ignite from the
"pilot" burner, on which a burning flame is continuously maintained. The flares are devices classified to
the first class of reliability. Properly functioning discharge and flare systems guarantee safe operation
of production plants, they can be described as the most important safety valve. The unavailability of
the flare stack disqualifies the work of the installation connected to it. For economic reasons and space
saving, in practice, a single flare is usually dedicated to many installations. Therefore, the failure of
one flare generates the need to stop not only the flare itself, but also all installations associated with it.
To avoid similar situations, the principle of combining discharge systems is used—several flares are
connected into one system. It is possible after performing appropriate calculations of hydraulics for
the discharge systems and proper design of water closures. In case of emergency, the flares with such
a system are provided with the appropriate counter pressure at the outlet of the discharge gases of
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the individual installations. Figure 1 shows the flares most commonly applied in the hydrocarbon
processing plants. The flares serving for the largest amounts of discharges are most often supported by
a lattice construction.
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Figure 1. Division of flares in view of their construction: (A) self-supporting flare, (B) flare with
guy-ropes, and (C) flare with a lattice construction.

The flares make the end of the entire depressurization systems. The beginning of such systems
starts at the individual production installations from safety valves, built into the individual apparatus
that are the equipment of a production installation in order to protect them against the uncontrolled
pressure increase, flow increase, etc. The safety valves are connected by individual pipelines to
gathering collectors that remove discharge gases beyond the installation. The collectors outputs the
gases out of the installation usually pass through the tanks—knockout drums built into the battery limit
of the installation. Most often, the liquid caught in the separators consists of valuable hydrocarbons or
hydrocarbon fractions. Usually these hydrocarbons are recycled back to the process. Separation of
liquid hydrocarbons takes place in the tanks, then they are returned for recycling by means of sloping
systems. Collectors removing gases out of the installations without a liquid phase can send them
directly to the flare from a single installation. An example of this are the acid gases, the so-called
discharges with oxygen or other dedicated discharges, or they can be connected to the collective
depressurization collectors with larger diameters, located in the direct vicinity of the flares. These
collectors are connected to the water seal, whose role is to maintain the appropriate pressure in the
installation line to the water seal and protect for back of flame. As a part of the water seal, there may be
a separation chamber (KO) in which the liquid, entrained by the flare gas flowing through the closure,
is separated again from the gas. Then, the flare gas leaves the separation chamber and is directed by a
pipeline to the flare socket on which the flare stack is set. The flare gases are transported to the end
(up) of the stack, on which the molecular seal is built, the task of which is to protect the discharge
system against backing of the flame and aspiration of the ambient air into the system. The fire closure
(with protect the system from fire flashback) is a part of the molecular closure. The molecular closure
is made by the purging gas that can be fed into the flare gases line to the battery limit, to the discharge
line behind the water closure or to the flare tube. Fuel gas or inert gas—nitrogen—may be used as a
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purge gas. The gas transported to the depressurization line or the flare tube is fed continuously in the
appropriate projected quantity.

At the molecular closure, a main burner is installed in which the flare gases are burnt. The discharge
gases ignite from the pilot burners installed on the main burner. The pilot burners burn all the time
and are fed with external fuel gas or the fuel gas coming from the internal heating gas systems of a
given refinery or another production plant, where waste flares are located. The fire closure as a part of
the molecular closure is shown in Figure 2. The red line illustrates the flow direction of the discharge
gases. The blow-through gas passes the same route. At the top of the fire closure there is a main burner
of the flare with a flame atomization system, a pilot burner system and a fuel gas distribution system.
In turn, a typical water closure is shown in Figure 3.
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The flare stacks allow for utilization of a few up to several thousand Mg of discharge gases per
hour, depending on the production systems for which needs they are designed [14]. In the case of very
large hydrocarbon processing plants as well as for economic reasons and savings of investment areas
(to a large extent also an economic effect in the aspect of infrastructure is achieved) multi-stack flares
are designed and built. The economics of these solutions is that one lattice structure holds two, three,
or a maximum of four stacks.
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3. Results and Discussion

3.1. Existing Solutions for Utilization of Discharge Gases

Installation of flare gases disposal systems usually has a very good rate of return on the invested
funds, because on the other side of the bill is unproductive burning of hydrocarbon gas, generating a
physical loss for a given plant. On the other hand, the costs of recovery systems for discharge gases
consist mainly of supply in energy media (electricity, circulating water, costs of servicing by operators,
costs of ongoing repairs, costs of major repairs, costs of technical supervision, etc.). The legitimacy of
the construction of systems recovering the flare gases is meaningful first of all when there is a large
number of production installations operating within a given production plant. This results in more
frequent preparation of the installation for repairs, commissioning of these installations, larger number
of equipment which should be periodically prepared for overhaul, and a larger number of safety
valves (sometimes safety valves allow a certain amount of gases to pass, with such situations appear
particularly at the end of the period between scheduled repairs). The use of such systems is especially
justified in the situations:

• When refinery plants are dealing with a large number of conversion processes;
• During implementation of destructive/conversion processes, a larger number of gas streams is

created than in the case of conserving processes;
• The amount of processed batch for all installations in total is large.

Figure 4 presents a simplified scheme of the installation recovering the discharge gases, recycled
to the internal gas network system of the production plant.
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internal heating gas network of the production plant.

In every case, the aim is to recover a large amount of flare gases. The analyzed configurations
revealed wide differences in the profitability of gas disposal due to economic effects and the discussed
conditions. For each process in the given installation, the most desirable condition is a durable,
stable technological situation that does not generate the discharge gases. Without loss of a part of
the load, or a part of the streams at various stages of the process in the installation, the profits are
maximized, because the high-value products always have higher price than the discharge gases streams.

Practical design solutions in the field of recovery of the discharge gases are almost always identical.
The differences are small and first of all come from structural differences. These differences are
primarily visible in the construction of water closures (which can be oriented horizontally or vertically),
in solutions regarding the used compressors, preparation of gas for compression, etc. Functioning of
the gas recovery can be presented in several stages:

• Gases are discharged from a given installation into a pipeline system and discharge collectors,
• Within a given installation, the liquid phase is separated;
• Gases leave the knockout drum (separator) built into the production plant and are further directed

to the collectors cooperating directly with the flare stacks;
• Flare gas streams pass through a knockout drums (separator), the KO may be integrated with a

liquid seal that maintains the pressure of the flare gases at the required level;
• The maintained pressure of the flare gases ensures their influx into the suction of the compressor,
• The compressor the pressure of the gases is increased to the required value,
• Directing gases to the internal fuel gas system.

The problem is the quality of recovered streams, which can be very variable over time.
By controlling individual streams through the use of existing pipelines or construction of dedicated
pipelines, it is possible to control and maintain the stream of recovered gases with constant and more
stable quality.
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The discharge gases, after a few, usually two, stages of separation and compression liquid
hydrocarbon, are directed to the internal fuel gas system, which is used for heating of the process
furnaces [15,16].

3.2. The Use of Surplus of Discharge/Flare Gases beyond Manufacturing Plants

In production practice, there are technological situations during which it is not possible to use all
the gas streams in the existing networks of fuel gas. In manufacturing plants, one type or several types
of fuel gas networks, in the aspect of system-work pressure, can be used, which may differ in terms
of gas pressure as well as its quality. During normal stable operation of the refinery, these systems
are mostly largely balanced. The balancing can also take place in a different way, appropriate for a
given refinery or a given production plant. There are refineries which do not have connection to an
external gas source, e.g., natural gas. Then balancing may be made, for example, by evaporation of a
portion of LPG and directing it to the main fuel gas collector. In the fuel gas system, the most common
is participation of light hydrocarbons: C1, C2, and lower amounts of C3 and C4 hydrocarbons and H2.
Introduction of a larger part of C3 and C4 hydrocarbons into the fuel gas network causes a number
of difficulties in the functioning of such a system, especially in periods of low ambient temperatures.
In this case, there is a risk of condensation of heavier hydrocarbons and problems with burners built
on technological furnaces. There may also be problems on pilot burners of flares. However, there are
also situations in which the excess fuel gas is unproductively burnt in flares—the system is imbalanced.
An example of such a case is the failure of the production installation, which is a large consumer of the
fuel gas. The average composition of the flare gas and natural gas is presented in Table 1 [17,18].

Table 1. The average composition of the flare gases and natural gas [17,18].

No Gas Components Flare Gases, %v/v Natural Gas, %v/v

1 Methane 43.600 96.470
2 Ethane 3.660 1.300
3 Propane 20.030 0.278
4 n-Butane 2.780 0.050
5 Isobutane 14.300 0.040
6 n-Pentane 0.266 0.010
7 Isopentane 0.530 0.020
8 neo-Pentane 0.017 0.000
9 n-Hexane 0.635 0.000
10 Ethylene 1.050 0.000
11 Propylene 2.730 0.000
12 1-Butene 0.696 0.000
13 Carbon monoxide 0.186 0.000
14 Carbon dioxide 0.713 0.000
15 Hydrogen sulfide 0.256 0.577 *
16 Hydrogen 5.540 0.000
17 Oxygen 0.357 0.000
18 Nitrogen 1.300 1.778
19 Water 1.140 0.0095 **

* mg/m3; ** g/m3.

Based on the results presented in Table 1 it is possible to conclude that the amount of energy
contained in the flare gases is 63.14 MJ/m3, while in the case of the natural gas stream it is 35.8 MJ/m3,
whereas the calorific values are equal 48.33 MJ/kg and 46.09 MJ/kg, respectively. In case of simple
injection of 1 Mg/h of the flare gas into the natural gas pipeline (with flow equals 30 Mg/h), the methane
content will decrease to 94.97%, nitrogen slightly decrease to 1.77%, while hydrogen sulphide content
increase to 8 ppm/kg. Gas density increase from 0.740 kg/m3 to 0.748 kg/m3. Based on that simple
calculation it is possible to conclude that injection of the flare gases to the natural gas system is
technically feasible. Thus, it is possible to inject the non-balancing flare gasses produced in the refinery
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plats into existing methane pipeline system. Moreover for the presented in Table 1 composition of flare
gases the amount of produced CO2 in the combustion of 1 Mg of this gas is equal 2.91 Mg.

There are also refineries that are connected to the natural gas system. Then, during the shortage
of own fuel gas caused by stopping for repair or emergency stop of the installation, which is a large
producer of fuel gas, the refinery complements the shortages by supplying gas from the external
natural gas network.

In periods in which the current technological system in the refinery generates surplus fuel gas,
or surpluses of other gas streams—technological streams and hydrogen gas streams (as mentioned,
these are situations related to the retention of individual production installations or their groups for
renovation or when we are dealing with situations Emergency systems that generate such streams).

A solution that would eliminate the need for unproductive combustion of the discharge gas in
utilization flares is to take them out of production plants and take them, for example, to an existing
natural gas transmission pipeline or to a nearby heating plant or a combined heat and power plant
burning gas for energy.

Before leaving the industrial plant, the gases have to be properly identified, catalogued and
prepared. Among the most important activities that should be performed before implementing such
solution, first of all it is necessary to specify the following:

• Gas streams that can be found in the flare discharge system, which are dedicated to individual
processes/installations;

• Quality of these streams;
• Amount of discharge gas;
• Variability of their composition; and
• Content of impurities.

Knowing the gas streams (based on the processes carried out) that can be found in a given
depressurization system, one may initially determine the quality of these gases. Based on this
knowledge, one may decide whether a given stream should be sent for recovery or it should be burnt
in a flare stack. Knowledge about the gas streams makes possible determination of the composition of
these gases (the content of individual hydrocarbons) by applying analytical methods dedicated for
this purpose. As a consequence, it is possible to select carefully gases that should undergo recovery.
Determination of the number of discharge gas streams will allow determining the output capacity of the
discharge gas recovery installation. In the refinery plants located in Europe, this is not a problem as a
result of provisions of Commission Regulation (EU) No 601/2012 of 21 June 2012 on the monitoring and
reporting of greenhouse gas emissions pursuant to Directive 2003/87/EC of the European Parliament
and of the Council. The most commonly used measurement method is ultrasonic measurement.
The measuring systems were installed on the flare stacks, i.e., at the end of the depressurization system.
This solution indicates all the flare gases (excluding inert gases). A better way to determine accurately
the amount of discharge gases is to use the plant balance. This method is much more precise. Knowing
the quantity and quality of these streams, you can determine their variability. This parameter allows to
determine the impact of a given industrial gas stream on the quality of natural gas, transported by
a specific pipeline system in the event, when the industrial gas was pumped into the transmission
gas pipeline. The necessary condition is knowing the quality and quantity of natural gas flowing
through the pipeline. It is also important to identify impurities in the industrial stream. In the case of
high-methane natural gas, the content of CH4 is very stable and basically does not decrease below
95%. The other components are methane homologs—as their molecular weight increases, their share
in the natural gas stream decreases. From the point of view of natural gas utility, it is very important to
ensure in the stream of industrial gas, which could be directed to the transmission system, that there is
as little as possible heavier hydrocarbons, nitrogen, and sulfur compounds.

A larger amount of heavier hydrocarbons is a threat of their condensation and subsequent
problems during transport and use. Nitrogen is an inert gas which is unnecessary from the point of



Processes 2019, 7, 253 9 of 10

view of transport and use—it significantly reduces the calorific value of fuel. Sulfur compounds can
be very toxic (e.g., hydrogen sulfide) and could pose hazards related to the safety of use, they also
constitute a significant corrosion hazard. The above mentioned components are always undesirable
from the point of view of the industrial use of natural gas, for example for the production of hydrogen
and heating industrial furnaces.

4. Conclusions

The recovery and output of excessive flare gases (in order to use them for energetic purpose)
beyond the production plants is a solution possible to introduce in case of refinery and petrochemical
plants. There are situations in which there is a surplus of gases: heating, technological, or discharge
ones, characterized by good quality. This solution is possible for production plants in the vicinity of
which natural gas transmission pipelines exist.

The following are facts confirming the applicability of the assumptions described in the paper:

1. The quality of the discharge gases generated at individual production installations is known. It is
possible to take samples for analysis and have them analyzed in the laboratory. It is also possible
to install a chromatograph, which would be used for continuous monitoring and quality control
of the selected gas parameters.

2. The quality of the natural gas, pumped through the individual transmission pipelines, is known.
The technical parameters of transmission pipelines are also known. Also technical requirements
for these objects defined in the regulations and technical specifications are known.

3. It is possible to determine the impact of the compressed and injected stream of flare gas on the
quality of natural gas transported by the selected transmission pipeline, or under the selected
system of transit. Knowing the quality and quantity of the discharge gas and natural gas, it is
possible to develop a mathematical model by which the gas stream quality can be determined
after mixing two streams and then refer the results to the required natural gas quality described
in the relevant standards.

4. The solution would generate the following beneficial effects on the production plants: Less use
and thus consumption of infrastructure.

5. Reduced consumption of energy media in the depressurization flare stack systems, thus reducing
the consumption of steam-producing fuels, used to atomize the flame on the flare main burner.

The demonstrated effects for industrial plants would at the same time limit the negative impact
on the natural environment—the use of less fuels for steam production and a significant reduction in
the flare gas burnt in the flares.
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