
Plant safety

Due to higher global demand for gasoil 
and gasoline along with strict envi-
ronmental regulations, refineries are 

incorporating new hydrotreating units into 
their existing facilities. Just in the southern 
cone of Latin America (Argentina, Chile 
and Uruguay) at least five hydrotreating 
units have been projected and/or built in 
the last five years. These hydrotreating units 
aim to lower the sulfur content to 20 ppm–
50 ppm on final products.

Project attention focuses on these new 
hydrotreating units, while utilities and 
other services are evaluated later in the 
project cycle. Verifying the existing refinery 
flare systems has to be performed as early 
as possible during the detail engineering 
project phase to answer key questions, such 
as: Would the existing crude distillation 
unit pressure-relief valve (PSV) open with 
the new backpressure introduced from the 
new hydrotreating unit’s PSV? Is the exist-
ing flare tall enough that it doesn’t exceed 
the radiation limits at ground level? Are the 
emission contaminants changing compared 
to the previous refinery operations?

Method description and best 
practice tips. The proposed method-
ology is used as a multi-tier approach to 
compress project schedules, determine 
PSV requirements earlier in the project 
and purchase those PSVs early, if it’s eco-
nomical; assess alternatives to improve 
design and save on capital costs without 
compromising safety.

To quickly identify possible problems, 
relief loads are first calculated using a 
simple approach. The different concurrent 
contingency loads can be calculated with 
the basic material and energy balance engi-
neering data. A conservative enthalpy bal-
ance approach can be used. For example, in 

a column with a cooling failure, power fail-
ure or reflux failure, the energy balance is:

F  hF + QR = B  hB + P  hP + V  hV + 
QA + Q1 + L  hL � (1)

where:
F = Feed flow
hF = Feed enthalpy
QR = Reboiler duty
B = Bottom liquid flow
hB = Bottom liquid enthalpy
P = Product flow
hP = Product enthalpy
V = Vapor flow
hV = Vapor enthalpy
L = Relief load
hL = Relief load enthalpy
QA = Air cooler (condenser) duty
Q1 = Trim cooler (condenser) duty
reboiler = Latent heat of vaporization or, 

for multicomponent systems, the differ-
ence between the vapor and liquid specific 
enthalpies.

The reboiler duty is recalculated for 
relieving conditions. For an air-cooler con-
tingency (or power loss), QA in relieving 
conditions would be 20% of operating QA. 
For cooling water loss, Q1 would be 0. To 
evaluate a reflux failure, the top tray vapor 
less the operating vapor to the condenser is 
a good approximation to calculate L.1–4,7

Example. With a new gasoline stabilizer 
column without an air-cooler condenser 
(QA = 0), the following quick calculations 
were considered to estimate the relief load 
for a loss of cooling in the condenser:

•  A steady-state simulation model was 
used (Fig. 2), setting the column pressure as 
the opening valve pressure and Q1 = 0. The 
relief load is calculated as L = 3,732 kg/hr.

•  For normal vapor flow to the con-
denser from the material and energy bal-

ance (V1), the relief load is calculated as 
L = 2,923 kg/hr.

•  As an approximation, using (Q1 + 
QA)/reboiler, the relief load is L = 3,035kg/hr.

Once the preliminary relief loads are 
calculated, the new pressure-relief valves 
are sized, and the new flare system lines 
are designed and routed into a new unit 
subheader. While calculating the concur-
rent PSV contingency loads, most coming 
from columns, towers or pressure separa-
tors, other process engineers can work on 
calculating all the single-contingency PSV 
loads, such as blocked outlet loads, control 
valve full-open cases, etc.

HAZOP analyses and relief sce-
narios. A hazardous operation (HAZOP) 
analysis of the new process enables assess-
ment of the number of PSVs that might 
be triggered to open in various scenarios. 
In a new gasoline hydrotreating unit, the 
number of PSVs involved in a multivalve 
opening contingency, other than fire, that 
could impact the existing flare design rating 
are shown in Table 1.

Out of 30 PSVs, only two were involved 
in concurrent PSV discharge scenarios—a 
cooling water and general power failure—

Circumvent design issues when  
adding new hydrotreating units
Follow these guidelines for substantial capital cost savings  
with existing flare systems
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and these potentially affect the existing flare 
header performance. All other contingen-
cies, including fire, were unit-wide sce-
narios but not plant- or refinery-wide sce-
narios. The number of plant-wide scenarios 
that might affect existing flare backpres-
sure, radiation intensity and contaminant 

dispersion was reduced to two. Only these 
two scenarios had to be studied further at a 
plant-wide level. All other new-unit scenar-
ios were studied separately to size the new 
unit main header, which in this example 
was determined to be governed by one of 
the fire cases.

Engineering workflow and guide-
lines. Fig. 3 represents the workflow of 
the flare-system rating method. The vari-
ous steps are described as follows:

•  Workflow starts with a parallel evalu-
ation of multiple PSV load contingencies 
and single or unit-wide contingencies, 
using a flare-system analyzer model.

•  New flare network is designed. At this 
stage in the detailed engineering project, 
the new units’ isometrics are not available. 
To complete the flare header design and 
rating, basic routing of PSV exits are made 
over the plot plan of the plant or layout of 
new and existing units. Choosing the tie-in 
point and knockout drum verification will 
be discussed in detail later.

•  The network is designed and rated to 
project-specific values of ∙v2 and Mach 
number. Good engineering practice uses 
∙v2 for gases of less than 150,000 Pa 
and Mach numbers of 0.3 to 0.7. If these 
parameters are not met in the existing main 
header, then a better understanding of the 
existing relief loads can be achieved through 
dynamic simulation. Once the hydraulic 
calculations comply with the design param-
eters, the PSV orifice calculations for the 
multi-PSV opening cases are reviewed. Dis-
persion and radiation studies are performed 
and, if all studies comply with international 
and local regulations, the flare-system rat-
ing is completed.

Unfortunately, flare-system analysis 
does not always follow a straight path. 
Sometimes a more detailed analysis and 
additional problem-solving solutions are 
required, and these will be discussed further.

Tie-in point and final disposal 
design. The tie-in location choice is gen-
erally made as close to the flare stack as pos-
sible, taking into consideration whether the 
existing knockout drum can handle the worst 
case vapor and liquid loads. When a PSV has 
a high setpoint and the volumetric flow for 
the design case is high, the Mach number at 
the tie-in point tends to be high as well. In 
these cases, having a higher backpressure at 
the tie-in point can reduce the Mach num-
ber. For example, moving the tie-in point 
upstream in the existing flare header helps 
reduce the Mach number; the consequence 
is a slight increase in the backpressure.

Fig. 4 illustrates an example of a flare 
system analyzer simulation with a stabilizer 
PSV that has a high set pressure with its 
tie-in point in the unit’s 16 in. subheader 
and in a 30-in. main header. The 30-in. tie-
in point resulted in high Mach numbers 
while the resulting Mach numbers using the 

Table 1. Gasoline hydrotreating unit relief scenarios

Contingency	F ire	 Concurrent other than fire	S ingle contingency only

Number of PSVs involved	 25	 2	 4

A steady-state simulation model. Fig. 2

Design new flare PSVs, depressurization valves, 
exit lines, sub headers and headers (ISBL) 

Verify knockout drum (KOD) with new vapor and liquid loads

Add new KOD tie-in 
downstream existing KOD

Verify �v 2  and Mach number on existing header
downstream the tie-in point

Tie-in point upstream
existing KOD, check 

Mach. number

Review PSV orifice calculation with calculated back pressure 

Perform dispersion and radiation studies

Perform dynamic
simulation of columns,

or HIPPS analysis

Multiple-PSV load scenariosSingle-contingency loads

Flare system rating method workflow.Fig. 3
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16 in. subheader were lower without exces-
sively elevating the PSV’s exit backpressure. 
The resulting hydraulic performance for 
both situations is shown in Fig. 4.

The existing knock-out drum rating 
can be performed in parallel with the flare-
header rating and later checked by the final 
simulation model. The various flare-header 
scenarios are loaded into the simulation 
tool, and the PSV sizing and flare calcula-
tions are performed. The flare-tip pressure 
drop can be simulated, using the old design 
data and extrapolated to new loads, using a 
Bernoulli Equation approximation: 

   

v 2×ρ
2

+ P + ρ× g×z = K

The process engineer can consider the 
backpressure problems that might arise 
from these calculations on existing PSVs, 
especially on the crude unit PSVs that have 
low pressure settings. For the new units, 
the project team can select the PSV types, 
conventional or balanced, and purchase 
these early if there are cost savings.

The radiation intensity methods 
described in API 521, a simple radiation 
method, and Brzustowski and Sommer, can 
be used to determine the radiation intensity 
based on the worst case heat of combustion 
calculations.1 Finally, the contaminant dis-
persion into the atmosphere can be calcu-
lated using the US EPA Screen 3 models.9

When to use dynamic simulation 
and relief considerations. The relief 
load calculation is a difficult task when rat-
ing or designing a flare system. The API 
521 standard gives general guidelines on 
estimating relief loads but leaves the cal-
culation details to the process engineer’s 
judgment.1 This is due to the different 
approaches a process engineer can take to 
perform relief-load calculations.

As previously discussed, typical scenar-
ios to consider for a column are related to 
reflux, cooling or power loss. A dynamic 
modeling approach has been used and 
documented, and it helped the engineers 
gain additional insight on what happened 
during a relief event.5 Often, this confirms 
that traditional methods are conservative, 
allowing engineers to use reduced relief 
loads while still focusing on safety. How-
ever, dynamic simulation takes time and 
tight project schedules may make it diffi-
cult to use this approach. Dynamic simula-
tion benefits are clear and project teams are 
encouraged to consider it when the situa-
tion requires it.

A dynamic simulation (Fig. 5) was 

performed for the new gasoline stabilizer, 
resulting in a relief load of L = 2,200 Kg/
hr. This load represented a 24% reduction 
of the lowest load estimation using steady 
state calculations.

One way to decide when to use dynamic 
simulation and when to apply the stan-
dard steady-state calculations is to analyze 
if the contingency being studied impacts 
the whole flare system, involving multiple 
units across the plant or refinery. If this 
contingency is limited to a single unit and 

does not impact the whole flare system, 
and if the pressure drop does not increase 
substantially, and there are no radiation or 
dispersion problems, then dynamic calcula-
tions can be avoided.

Guidelines for hydrotreating 
unit flare analysis. Specifically for 
hydrotreating units, the guidelines to rate 
and design a flare system comprise the fol-
lowing load calculations and possible solu-
tions, including dynamic simulation, to 
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Tie-in point diagram.10Fig. 4

Table 2. Gasoline hydrotreating unit PSV changes between revisions

	 Rev. A	 Rev. 0
	 Project’s Month 5	 Project’s Month 11
	N umber of PSVs	A PI orifice	N umber of PSVs	A PI orifice

	 12	 D	 13	 D

	 0	 E	 2	 E

	 2	 F	 0	 F

	 3	 G	 3	 G

	 1	 H	 1	 H

	 1	 K	 1	 K

	 1	 P	 0	 P

	 1	 Q	 0	 Q

	 0	 R	 2	 R

Total	 21	 22
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problems that may be encountered. These 
guidelines include the usual analysis of 
relief loads, but also additional consider-
ation of new acid loads, etc.

Evaluate existing loads. Determine 
if, for a plant-wide concurrent contingency 
(cooling or power loss, etc.), the new relief 
loads added to existing loads resulted in 
any of the following effects or conditions 
being violated:

•  Substantial backpressure changes on 
existing PSVs

•  Radiation intensity at ground level 
corresponding to API 521 radiation limits

•  Air contaminant dispersion comply-
ing with EPA and local environmental 
regulations.

If any of the verification steps fail, the 
solution is to change the existing conven-

tional PSVs to a balanced (bellow or pilot) 
type. If the existing PSVs are a balanced 
type, then it is advisable to perform a 
dynamic analysis of the PSVs that partici-
pate in that design contingency. This would 
typically involve PSVs with greater volu-
metric loads and usually concurrent scenar-
ios involving topping columns, absorbers, 
stabilizers and FCC’s safety valves.

N e w  a c i d  l o a d s .  T h e  n e w 
hydrotreating units concentrate H2S in 
the top vapor streams of unit operations. 
Most of the H2S is extracted in an amine 
contactor and then sent to the amine and 
sour-water unit strippers, which then have 
the flare loads rich in H2S and NH3. If the 
refinery doesn’t already have a sour-flare 
system, then the company should con-
sider building one when adding the new 

hydrotreating unit. Dispersion constraints 
are key in designing this system with con-
centration limits for SO2 that are defined 
by the World Health Organization and 
other local regulatory authorities.

New sweet-loads evaluation: 
Hydrotreating unit reactors usually work 
at high temperatures and when the system 
is evaluated at opening pressure for a fire 
relief, the hydrocarbon/H2 mixture usu-
ally enters in a critical flow regime. In these 
cases API 521 recommends using depres-
suring systems and dry fire calculations. 
The loads calculated using API dry formu-
las are very conservative. A more accurate 
approach is presented by Ouderkirk.8

The new flare-header design for 
hydrotreating units is often governed by 
one of these cases:

•  Depressurization loads
•  Fire loads
•  Electrical failure loads (considering 

that most condensers are air coolers and 
relief loads for cooling-water failure is mini-
mal compared to an electrical failure).

If the multiple concurrent PSV design 
scenarios do not comply with the conserva-
tive API 521 radiation limits or environ-
mental regulations, it is worth calculating 
the relief loads using dynamic simulation. 
Most column relief loads can be calcu-
lated with a more rigorous model, and the 
revised loads are used to rate the overall 
flare system including recalculating the 
flare main header, the radiation intensity 
and the dispersion levels.

While the rigorous models are being 
developed, the piping engineers might have 
also completed the isometrics using the first 
non-rigorous simulation diameters. By the 
time the more rigorous load calculations 
are being done, these final flare simulations 
can be performed, putting all the pieces 
of the puzzle together (isometrics, revised 
multiple-contingencey loads, existing PSV 
pressures, etc.). This provides the most 
complete, accurate and rigorous analysis.

If radiation intensity, back pressure or 
contaminant dispersion issues cannot be 
resolved using the methodology presented, 
other alternatives may be considered:

1.  Perform a high-integrity pressure 
protection system (HIPPS) project to iden-
tify which units control the relief loads, 
and perform a permutation analysis of the 
individual relief loads by their probability 
of occurrence and determine the applicable 
safety integrity level (SIL). SIL is a measure 
of the reliability of a safety instrumented 
system to function as designed. There are 

Dynamic relief load calculations using a simulation model. Fig. 5

Table 3. Gasoil hydrotreating unit PSV changes between revisions

	 Rev. A	 Rev. 0
	 Project’s Month 5	 Project’s Month 11
	N umber of PSVs	A PI orifice	N umber of PSVs	A PI orifice

	 9	 D	 7	 D

	 3	 E	 4	 E

	 3	 F	 4	 F

	 4	 G	 4	 G

	 4	 H	 4	 H

	 1	 J	 1	 J

	 0	 K	 0	 K

	 1	 M	 1	 M

	 0	 P	 0	 P

	 0	 Q	 0	 Q

	 0	 R	 0	 R

Total	 25	 25
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three possible discrete integrity levels (SIL 
1, SIL 2 and SIL 3) of safety instrumented 
systems defined in terms of probability of 
failure on demand (PFD). SIL 3 has the 
highest reliability, SIL1 has the lowest. API 
521 Fifth Edition allows you to take load 
credits for the use of HIPPS.1 The benefit 
of this approach is the avoidance of having 
to build a complete new flare. The down-
side is the operational constraints on the 
degree of turndown or the possibility even 
having to shutdown a unit to avoid over-
loading the flare system, and the capital 
investment needed to enhance the control 
systems of existing units.

2.  Increase existing flare height. The 
radiation intensity and dispersion con-
centration at ground level will improve 
but the support structures may have to be 
revamped or new structures added.

3.  Change the existing main flare 
header. Sometimes backpressure prob-
lems persist in existing PSVs and the only 
option is to replace portions of the existing 
network. Obviously, this will require addi-
tional capital investment.

4.  Add a gas-recovery facility. When 
a dispersion analysis results in high con-
taminant concentration, this approach 
could partially solve the problem, but it 
also might increase the backpressure on the 
PSVs and increase capital cost.

5.  Change the flare tip. Sometimes, 
high Mach numbers at the flare tip can be 
avoided by simply changing the flare tip.

Results obtained by applying 
this method. The results of applying 
this approach to flare-system analysis in a 
project involving the addition of two new 

hydrotreating units to an existing refinery 
are discussed below.

Tables 2 and 3 show the number of 
PSVs that changed from one type to a dif-
ferent type as the project progressed. This 
resulted from the simulation model being 
improved as various engineering tasks 
were completed, and as the overall design 
evolved and improved.

Even though many load calculations 
changed and PSV sizes were revised during 
the project, the unit’s main header diame-
ter, the tie-in point and the knockout-drum 
calculations remained unchanged between 
design revisions.

This experience demonstrates that some 
tasks can be performed in parallel. Later 
in the project cycle all pieces of the flare 
system can be quickly recalculated using 
process simulator and flare system analysis 
software.

Benefits of using this method. 
Many benefits can be obtained using the 
approach presented in this article, as vali-
dated by experience on several projects:

•  Compressed project schedules by per-
forming PSV calculations and flare system 
calculations in parallel. For the example 
cited previously, these calculations resulted 
in achieving a three-month reduction in 
the project schedule.

•  Project man-hour savings by perform-
ing the appropriate level of modeling as 
required by the project-specific design. The 
example cited represented saving 160 engi-
neering man-hours of modeling time.

•  Early definition of header sizing and 
the PSVs required. There may be cost sav-
ings in procuring these supplies early.

•  Material capital cost savings in accu-
rate header sizing.

•  New flare cost savings in performing 
more accurate dynamic-load calculations 
when needed.  HP
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