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4 1.Introduction

Figure 1.3: Value chain of ammonia production from renewables

1.4.Thesis outline
The following summarises the topics that are covered in each of the chapters:

Figure 1.4: Thesis outline

Chapter 2 consists of a literature study involving catalyst,
reaction kinetics, absorption for ammonia separation and control
theory.

Chapter 3discusses the most important conclusions from the
literature study and details the scope and approach of the
work. It features the process to be modelled and explains
the need for different simulation models. Assumptions and
proposed scenarios for variations in the hydrogen feed are
presented.

Chapter 4contains a steady-state simulation model to study the
equilibrium of ammonia synthesis.

Chapter 5 results in a steady-state simulation model with
reaction kinetics, heat integration and absorption enthalpy. The
chapter discusses the selection and modification of a kinetic
rate expression. This is followed by motivation for decisions
on the reactor configuration and modelling of the absorption
step.

Chapter 6describes the development of the dynamic simulation
model (using Aspen Plus Dynamics) from the steady-state model
of Chapter 5. It also explains the development of control
strategies.

Chapter 7discusses the results of the different control structures
for the dynamic simulation model when subjected to various
hydrogen reduction scenarios.

Chapter 8summarizes the conclusions of this work and provides
recommendations for future research.



























2.6.Absorption for Ammonia Recovery 17

Figure 2.7: Saturation Vapor Pressure of NH3 above liquid NH3 & above Absorbent
Source: [78]

Take-aways There are a few key differences in ammonia separation via condensation and through
absorption.

1. Equilibrium:
For the same partial NH3 vapor saturation pressure, the absorption temperature is higher than
the condensation temperature.

2. Separation Method:
Fixed-bed operation with breakthrough curve can lead to practically complete removal of NH3
from the recycle stream. For condensation, very low temperatures or very high pressures are
required to avoid high concentrations of H2 and N2 in the liquid ammonia. This is not the case
for absorption.

Hence, for the same pressure, absorption can be performed at a considerably higher temperature than
condensation (much closer to the reactor temperature). This is one of the main advantages of the
absorption method. Another advantage is that absorption allows for a higher ammonia recovery from
the gas mixture resulting in almost no ammonia presence in the recycle stream. These characteristics
result in a reduced pressure in the system and a higher reaction conversion, which offer advantages
for dynamic operation.
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2.7.Control theory 19

A proportional control can dampen out the oscillations from disturbances and stop the cycling of the
process variable, however, a retained offset between the process variable and its SP will always be
present. A PI control can dampen out oscillations and return the process variable to the setpoint.
Decreasing the controller integral action gives a more aggressive dynamic response, but can lead to
an unstable controller. A PID controller can anticipate the direction of the error and thus respond
more quickly, by measuring the rate of change in error. Increasing the derivative constant can give
a better dynamic response but must be done with caution in real plants with ‘noisy’ process data inputs.

The majority of controllers in chemical processes are under PI or PID control. FigureC.2in Appendix
C presents stability recommendations for these three control types.

(a) Proportional control (P) (b) Proportional Integral control (PI)
(c) Proportional Integral Derivative control

(PID)

Figure 2.9: Difference between the control types (P, PI, PID) (source:Getting Started with Aspen Dynamics)

Control Action
Another important expression in control theory is control action, which can be direct acting or reverse
acting.

• Direct actingmeans that the process has a negative steady state gain. An example is the
temperature control of a reactor with a cooling fluid. In case the reactor temperature rises above
the set point (positive error), the flow rate of the cooling fluid must be increased by opening the
valve more (positive controller output). Therefore, a positive error results in a positive control
output.

• The opposite is areverse actingcontroller, this process has a positive steady state gain. Which
means a negative correction must be employed to create the correct controller output. For
example, the pressure in a reactor surpassed the setpoint and must be reduced (the error is
positive). This means the flow to the reactor must be lowered, this is done by decreasing the
valve opening (the controller output is negative). Therefore, the control action must be reversed.

https://aspentechsupport.blob.core.windows.net/cbt/135831%20Getting%20Started%20with%20Aspen%20Dynamics/presentation_html5.html










24 3.Scope & approach

3.3.3.Thermodynamic Equation of State
The basis for computation of density as a function of temperature and pressure is presented by an
Equation of State (EOS) relation. The Aspen Plus properties database contains several EOS relations,
including Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK). Both of these provide a good match
for ammonia synthesis at high-pressure conditions for both the vapor and liquid phases [82]. From
industrial experience, it has been established that PR and SRK suit oil and gas processing systems
very well [83]. The Soave-Redlich-Kwong EOS is also known to perform well in systems with polar
components such as ammonia. Further, the SRK-EOS results have been compared to plant data
published in Ullmann’s Encyclopedia of industrial chemistry” [46]. Satisfactory fit to the data has been
reported [84]. The SRK-EOS has also been successfully implemented by Aspen in an ammonia synthesis
model [85]. For the present study, SRK has been chosen as Equation of State for the simulation models.



























































6.5.Add a Control strategy 53

6.5.1.Base control structure
A default control scheme can always be created by Aspen Dynamics in the form of auto-generated
controllers. For example, upon selection each valve receives a flow controller and for the FLASH2
vessel, both a pressure and level controller can be automatically included. However, the auto-generated
controllers are not sufficient to achieve control of the plant. Hence, it is extended to achieve a more
stable regulatory structure.

To prove that an additional control structure is required, a base control scheme was tested with a 10 %
ramp-down and ramp-up of the hydrogen feed flow rate. Before any control philosophy implementation
the models had the following controllers (with specifications) (Figure6.4):

• A flow controller on the H2 feed stream that controls the valve opening (FC-01)1.
Reverse acting feedback control with a proportional gain and integral time of 1 %/% and 1 min,
respectively.

• A level controller on the absorber (FLASH2) unit operation (LC-01).
Direct acting feedback control with a proportional gain and integral time of 10 %/% and 1 min,
respectively.

Figure 6.4: Dynamic model with a base control structure

1The controller parameters have been established by trial and error using the recommendations from Aspen as starting point
(AppendixC.2).





6.5.Add a Control strategy 55

Figure 6.6: Concept Visualization of Control Philosophy 1

Table 6.1: Controller Parameters for Control Structure 1

Proportional
Gain (%/%)

Integral
Time (min.) Controller Action Controlled Variable Manipulated Variable

FC-01 1 1 Reverse Hydrogen feed flow rate Valve V-01 opening

LC-01 10 1 Direct Liquid level flash Ammonia outlet flow rate
(Valve V-04 opening)

PC-01 10 1 Reverse Outlet pressure RPLUG Nitrogen feed flow rate

6.5.4.Control Philosophy 2
The operating principle of the second control structure is to vary the recycle flow rate to control the
ammonia production in the reactor. The idea is to balance the mass of ammonia produced to the mass
of the reactants fed to the system. This method does not alter the H2:N2 feed ratio. Controlling the
recycle flow rate is realised by adjusting the brake power of the recycle compressor.
The second control philosophy requires two additional controls:

• A flow controller in combination with ratio measurements that makes sure the H2:N2 feed ratio is
maintained at the stoichiometric ratio of the reaction. The ratio block measures the ratio of the
molar flow rates of hydrogen and nitrogen. When the ratio deviates from the setpoint, the ratio
block sends a signal to valve in the nitrogen feed line to manipulate the nitrogen feed flow.

• A pressure controller that varies brake power in response of pressure variation, measured after
the recycle compressor.

Figure6.7illustrates the second control philosophy to maintain the pressure by adjusting the compressor
brake power. The details and parameters of the controllers have been summarized in Table6.2.













7.2.Gradual change in hydrogen feed (with H2 buffer) 61

7.2.1.Control Philosophy 1
With this control structure the operating pressure is maintained by manipulating the nitrogen feed flow
rate. Figure7.3presents the Aspen Dynamics model with this control structure.

Figure 7.3: Aspen Dynamics flowsheet with Control Philosophy 1



























74 7.Results & discussion of dynamic simulation

More details on the temperatures and pressures in the system before and after the hydrogen ramp-down
can be found in AppendixE.

















82 A.Reaction kinetics

A.5.MATLAB ® codes
A.5.1.Comparison of kinetic rate equations

1 ���� �&�R�P�S�D�U�L�Q�J�7�H�P�N�L�Q�� �3�\�]�K�H�Y�	 �1�L�H�O�V�H�Q�	 �'�\�V�R�Q�D�Q�G�6�L�P�R�Q
2 clear
3 clc
4 close all
5
6 ���� �3�D�U�D�P�H�W�H�U�V
7 T = 400 + 273.15; %K
8 p1 = 100*0.986923267; %atm
9 p2 = 200*0.986923267; %atm
10 R = 8.314; % J/(mol*K)
11 rho_cat = 2200; % kg/m^3
12
13 y = linspace(0, 0.95, 1000);
14 yN2 = (1-y)*0.25;
15 yH2 = (1-y)*0.75;
16 conv = 2*y./(1+y);
17
18 keq = 10^(-2.691122*log10(T) - (5.519265*10^(-5))*T + ...
19 (1.848863*10^(-7))*T^(2)+2001.6/T+2.6899);
20
21 ���� �(�T�X�D�W�L�R�Q�7�H�P�N�L�Q�� �3�\�]�K�H�Y�� �D�O�S�K�D� ������
22 f = 4.75; % Catalyst activity
23 k1 = (1.79*10^4)*exp(-87090/(R*T)); % E = [J/mol]
24 k_1 = (2.57*10^16)*exp(-198500/(R*T)); % E = [J/mol]
25
26 %Reaction Rate Equation
27 Rtem100 = ((2*f)/rho_cat)*(k1*((yN2.*p1).*(yH2.*p1).^(1.5))./(y.*p1)...
28 -k_1*(y.*p1)./(yH2.*p1).^(1.5)); %kmol/kg cat/hr
29 Rtem200 = ((2*f)/rho_cat)*(k1*((yN2.*p2).*(yH2.*p2).^(1.5))./(y.*p2)...
30 -k_1*(y.*p2)./(yH2.*p2).^(1.5)); %kmol/kg cat/hr
31
32 ���� �(�T�X�D�W�L�R�Q�'�\�V�R�Q�	 �6�L�P�R�Q
33 % Fugacity Coefficients
34 fcn2 = 0.93431737 + 0.3101804*10^(-3)*T + 0.295895*10^(-3).*p2 - ...
35 0.270729*10^(-6)*T^2 + 0.4775207*10^(-6).*(p2).^2;
36 fch2 = exp(exp(-3.8402*T^(0.125))*p2 - exp(-0.1263*T^(0.5)-15.980)*(p2).^2 ...
37 + 300*(exp(-0.011901*T - 5.941))*(exp(-p2./300-1)));
38 fcy = 0.1438996 + 0.2028538*10^(-2)*T - 0.4487672*10^(-3)*p2 ...
39 -0.1142945*10^(-5)*T^2 + 0.2761216*10^(-6)*T^2;
40
41 % Activities
42 ay = y.*fcy.*p2;
43 aN2 = yN2.*fcn2.*p2;
44 aH2 = yH2.*fch2.*p2;
45
46 R3 = 1.987;
47 V3 = (1.7698*10^15)*exp(-40765/(R3*T))*((keq^2).*aN2.*((aH2.^(3/2))./(ay))...
48 - ((ay)./(aH2.^(3/2))));
49
50 V3Dys = V3*1000/2200;
51
52 ���� �(�T�X�D�W�L�R�Q�1�L�H�O�V�H�Q�H�W�D�O��
53 Ac = 1; %Catalyst activity
54 alpha = 0.654;
55 w = 1.523;
56 AK = (3.945*10^10)*exp(-5622/T); % Ammonia synthesis rate constant
57 Ka = (2.94*10^(-4))*exp(12104/T); % [kJ*mol/s*atm] Absorption constant
58
59 Rniel100 = Ac*((AK*((yN2.*fcn2.*p1).*(keq^2)...



A.5.MATLAB ® codes 83

60 -(((y.*fcy.*p1).^2)./((yH2.*fch2.*p1).^3))))./((1 +...
61 Ka*((y.*fcy.*p1))./((yH2.*fch2.*p1).^w)).^(2*alpha))); % kgmole/m^3/hr
62 Rniel200 = Ac*((AK*((aN2).*(keq^2)-(((ay).^2)./((aH2).^3))))./((1 +...
63 Ka*((ay))./((aH2).^w)).^(2*alpha))); % kgmole/m^3/hr
64
65 ���� �3�O�R�W�J�U�D�S�K�V
66 Rtem200bar = Rtem200*10^3;
67 Rniel200bar = (Rniel200/rho_cat)*1000;
68
69 figure
70 p5 = plot(conv, Rtem200bar,'--', 'Color',[0, 0.4470, 0.7410], 'LineWidth', 1.25);
71 hold on
72 p6 = plot(conv, Rniel200bar,'Color',[0.6350 0.0780 0.1840], 'LineWidth', 1.25);
73 hold on
74 p7 = plot(conv, V3Dys,'-.', 'Color', [0.9290 0.6940 0.1250], 'LineWidth', 1.25);
75 hold on
76 plot(conv(424), Rtem200bar(424), 'ko', 'MarkerFaceColor','k','MarkerSize', 5);
77 hold on
78 plot(conv(376), Rniel200bar(376), 'kp', 'MarkerFaceColor','k','MarkerSize', 6);
79 hold on
80 plot(conv(376),V3Dys(376), 'kp', 'MarkerFaceColor','k','MarkerSize', 6);
81 hold off
82 xlabel('Conversion')
83 ylabel('Reaction Rate (mmol NH_3/g_{cat}/hr)')
84 title('Reaction Rate of Ammonia Synthesis at 400 °C & 200 bar')
85 legend('Temkin-Pyzhev','Nielsen','Simon & Dyson','Rate = 0 (Temkin)',...
86 'Rate = 0 (Nielsen)','Rate = 0 (Dyson & Simon)')
87 ylim([-100 300]);
88 xlim([0 0.95]);
89 ax = gca;
90 ax.XAxisLocation = 'origin';
91 ax.YAxisLocation = 'origin';



84 A.Reaction kinetics

A.5.2.Validation of Modified LHHW
1 clear
2 clc
3 close all
4
5 opengl hardware
6
7 ���� �3�D�U�D�P�H�W�H�U�V
8 T = 400 + 273.15; %K
9 p = 200*0.986923267; %atm
10
11 y = linspace(0, 0.95, 1000);
12 yN2 = (1-y)*0.25;
13 yH2 = (1-y)*0.75;
14
15 conv = 2*y./(1+y);
16
17 f = 4.75;
18 Rg = 8.314; % J/(mol*K)
19 rho_cat = 2200; % kg/m^3
20
21 k1 = (1.79*10^4)*exp(-87090/(Rg*T)); % E = [J/mol], k01 = [kgmol/m3 hr atm1.5]
22 k_1 = (2.57*10^16)*exp(-198500/(Rg*T)); % E = [J/mol], k02 = [kgmol atm0.5/m3 hr]
23
24 ���� �(�T�X�D�W�L�R�Q�7�H�P�N�L�Q�� �3�\�]�K�H�Y�� �D�O�S�K�D� ������
25 r = ((2*f)/rho_cat)*(k1*((yN2.*p).*(yH2.*p).^(1.5))./(y*p)...
26 -k_1*(y*p)./(yH2*p).^(1.5)); %kmol/kg cat/hr
27
28 %Different units
29 R = r*10^3;
30
31 figure
32 plot(conv, R, 'LineWidth',1 , 'DisplayName','200 bar');
33 legend('show')
34 xlabel('Conversion')
35 ylabel('Reaction Rate (mmol NH_3/g cat/hr)')
36 title('Reaction Rate of Ammonia Synthesis According to Temkin-Pyzhev at 400 °C')
37 ylim([-350 1000]);
38 xlim([0 1.05]);
39 ax = gca;
40 ax.XAxisLocation = 'origin';
41
42
43 ���� �/�+�+�: �7�H�P�N�L�Q
44 k3 = 2; %atm-1
45
46 rlhhw = ((2*f*k3)./(rho_cat.*(1+k3*y.*p))).*(k1*((yN2.*p).*(yH2.*p).^(1.5))...
47 -k_1*((y.*p).^2)./(yH2*p).^(1.5)); %kmol/kg cat/hr
48
49 figure
50 plot(conv, R,'LineWidth',1.2 , 'DisplayName','Temkin-Pyzhev');
51 hold on
52 plot(conv, rlhhw*10^3,'LineWidth',1.2 , 'DisplayName','LHHW Temkin-Pyzhev');
53 hold on
54 plot(conv(1), rlhhw(1)*10^3,'k^', 'MarkerFaceColor','k','MarkerSize', 4, ...
55 'DisplayName', 'molfraction NH_3 = 0');
56 hold off
57 xlabel('Conversion');
58 ylabel('Reaction Rate (mmol NH_3/g_{cat}/hr)');
59 title('Reaction Rate of Ammonia Synthesis at 400 °C & 200 bar');
60 legend('show')
61 ylim([-350 3000]);
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62 xlim([-0.05 1.05]);
63 ax = gca;
64 ax.XAxisLocation = 'origin';
65
66
67 ���� �0�R�G�L�I�L�H�G�/�+�+�: �7�H�P�N�L�Q
68 k1m = (1.79*10^4)*exp(-87090/(Rg*T)); % E = [J/mol], k01 = [kmol/m3 hr atm1.5]
69 k_1m = (1.71912*10^16)*exp(-193085/(Rg*T)); % E = [J/mol], k02 = [kmol atm0.5/m3 hr]
70 rmodlhhw = ((2*f*k3)./(rho_cat.*(1+k3*y.*p))).*(k1m*((yN2.*p).*(yH2.*p).^(1.5))...
71 -k_1m*((y.*p).^2)./(yH2*p).^(1.5));
72
73 figure
74 plot(conv, R,'LineWidth',1 , 'DisplayName','Temkin-Pyzhev');
75 hold on
76 plot(conv, rlhhw*10^3,'LineWidth',1 , 'DisplayName','LHHW');
77 hold on
78 plot(conv, rmodlhhw*10^3,'--','LineWidth',1 , 'DisplayName','Modified LHHW');
79 hold on
80 plot(conv(424), rlhhw(424),'ko', 'MarkerFaceColor','k','MarkerSize', 5, ...
81 'DisplayName', 'Rate = 0 (Temkin & LHHW)');
82 hold on
83 plot(conv(373), rmodlhhw(373),'k*', 'MarkerFaceColor','k','MarkerSize', 7, ...
84 'DisplayName', 'Rate = 0 (Modified LHHW)');
85 hold off
86 xlabel('Conversion');
87 ylabel('Reaction Rate (mmol NH_3/g cat/hr)');
88 title('Reaction Rate of Ammonia Synthesis at 400 °C & 200 bar');
89 legend('show')
90 ylim([-100 300]);
91 xlim([0 1.05]);
92 ax = gca;
93 ax.XAxisLocation = 'origin';





B
Model 2: Input specifications &

additional results

B.1.Summary table input specifications

Table B.1: Equipment specifications for model 2

Name
Flowsheet Type Phases Pressure drop Specifications

M-01 Mixer Vapor-only 0

HEX-01 Heat Exchanger Vapor-only 1 (each side)

Shortcut + Countercurrent
Caculation mode:
Design with Cold stream outlet temperature specification
No heat losses

RPLUG Plug Flow Reacter Vapor-only Ergun
Adiabatic
L = 6.4, d = 0.8m.
Kinetics: Modified LHHW

C-01 Cooler Vapor-only 0.5

STOICH Stoichiometry reactor Vapor-Liquid 2 Isothermal
Conversion: 100%

SEP Separator Vapor-Liquid 0 Heat duty = 0
RC-01 Recycle Compressor Vapor-only -2 Isentropic

87









C
Model 3: Simulation information &

input specifications

C.1.Pressure-driven simulation additional information
The two available solver types for Aspen Dynamic simulations are Flow-Driven and Pressure-Driven.
Flow-driven
In an Aspen Plus steady-state simulation, the outlet stream pressures and flow rates of a block are
determined from the inlet conditions to the block, and the specifications for the block [101]. Neither
the outlet stream pressures or flow rates are affected by the pressure in the downstream blocks. This
approach is called flow-driven simulation. Flow Driven dynamic simulations operate similarly to Aspen
Plus simulations. For each model, fixed rules are used to determine the properties of the outlet of
operation units, given the inlet conditions.

The flow-driven approach is well suited to a wide range of dynamic simulation applications. In effect,
this approach makes the assumption of perfect flow control. This is often a good assumption, particularly
when modeling liquid only systems. The pressure/flow dynamics for liquids are very fast, and the
assumption of perfect flow control is therefore usually accurate.

Pressure-driven
For a realistic system it is considerably better to use a pressure-driven simulation. In a pressure-driven
simulation all flow rates are determined by the pressures distribution in the flow sheet, and pressure/flow
relationships of each unit operation. The Pressure-driven approach is vital for simulating compressor
networks, steam/gas networks, pressure relief systems and several other application types.
In pressure-driven simulations[101]:

• The pressures of all feeds and products are fixed

• Feed flow rates are not fixed

• The flow rates are determined by the pressures and pressure/flow relationships

Table C.1: Pressure-driven vs. flow-driven simulations

Solver Type

flow-driven Pressure Driven

• Outlet flow rates determined by material balance • Outlet flow rates are determined by pressure/
flow relationship

• Assumes perfect flow, independent of pressure • System resistance forces a pressure drop

• Good approach for liquid systems • Flows are dependent on the pressure gradients

Liquidprocessing
(pressure has small impact on liquid properties)

Gas phasing required
(pressure has large impact on liquid properties)

No importance of pressure Pressure is important
Good pressure and flow control pre-exists Design of pressure and flow control required
Source: Getting Started with Aspen Dynamics [102]

91



92 C. Model 3: Simulation information & input specifications

The main differences between flow-driven and pressure-driven solvers be found in TableC.1. The
adoption of relevant simulation mode is determined by the modeling objectives and the type of process.
In general, if pressure is of specific importance, then pressure-driven simulation is recommended.
Simulations consisting of mostly gas or vapor phase streams will also require pressure-driven mode.
Oppositely, simulations that consist of mostly liquid streams will demand flow-driven mode. In the
current work, pressure is of high importance and the synthesis loop consists mainly of gaseous streams,
therefore the pressure-driven dynamic simulation method was selected.

Figure C.1: Additional Information for Pressure Driven Simulations(source:Getting Started with Aspen Dynamics)

C.2.Control parameter recommendations from Aspen

Figure C.2: Recommendations for PID controller stability(source:Getting Started with Aspen Dynamics)











97

increase is only temporary). Because the loop lacks, the dynamics cannot properly be tested. The
reactor itself does not experience any troubles with the increased nitrogen flow.

Figure D.4: Isolation of the reactor

Isolation of the reactor + absorberAn absorber (flash2) vessel was added to the model in the
previous step. The condition of the flash vessel is that the pressure at the inlet, outlet and within the
vessel is equal. A ramp-down of hydrogen to 70 % was successfully done. But reducing the flow rate
to 50% causes an error. Is seems that the condenser level control cannot keep up the disturbance in
the system and the pressure and level drop here significantly.

Figure D.5: Isolation of the reactor & absorber

Reduction the absorber volumeLastly, it was tried to change the volume of the absorber vessel
in the initial simulation. This would not fix the error but if the problem lays with the absorber this
alteration will influence the moment where the simulation stops working.





E
Model 3: Aadditional results

ramp-down 25% scenario

E.1.Control Structure 1

E.1.1.System pressures & temperatures

Figure E.1: Control Structure 1 - initial state

99



100 E.Model 3: Aadditional results ramp-down 25% scenario

Figure E.2: Control Structure 1 - steady state after 25% H2 ramp-down





102 E.Model 3: Aadditional results ramp-down 25% scenario

E.1.3.Heat-exchanger (HEX-01) specifics

Figure E.4: Specific heat capacity of the in-going hot and cold streams

(a) (b)

(c) Temperature of the hot inlet stream (d) Temperature of the hot outlet stream

Figure E.5: temperatures around the heat-exchanger (HEX-01) - 25% ramp-down/up scenario



E.2.Control Structure 2 103

E.2.Control Structure 2
E.2.1.System pressures & temperatures

Figure E.6: Control Structure 2 - initial state

Figure E.7: Control Structure 2 - steady state after 25% H2 ramp-down
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