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Abstract  

The aim of this thesis is to develop a Selective Non-Catalytic Reduction (SNCR) system which 

is based on a control system to keep NOx emissions from combustion by maximum 27 kg/h 

urea consumption and then perform commissioning on the site.  

 

The NOx value in the combustion is around 220 mg/Nm3 under 100% laud. The SNCR system 

will decrease the NOx value in the combustion till around 180-190 mg/Nm3. The system injects 

the amount of urea directly into the combustion which creates chemical reaction and as a result 

of NOx decreases.  

 

The system will consist of a storage tank, pump module for reduction agent (PMR), 

standardized pump module for softened water (PMW), pump module for filling (PMF), two 

injectors and a cabinet for control and management (CMM).  

 

The control system made of PLC (Siemens) intelligence and a HMI (CitectSCADA) for local 

operation. The system is a closed-loop control system where it gets signals continuously from 

NOx analyzer in the combustion and PID controller the process variables and injecting amount 

of urea to keep the NOx under set point. The HMI provides a robust capability for visualization 

controls the entire system. The communication with the modules is performed via bus cables 

from the control and management cabinet. The communication between the control system and 

the plant is done via Profibus. The supervision and daily operation can be done both from the 

operator panel and in the control room.  

 

The SNCR system has been installed successfully and the system manage to reduce the NOx 

value from 220 mg/Nm3 till around 190 mg/Nm3 by around 21.7 kg/h urea consumption. 
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Introduction 

1.1 Background 

SNCR system technology is mostly used in, in waste incinerators, cement, boilers with 

conventional fuels and biomass boilers. SNCR technology can help remove up to 80-90 of % 

NOx [1]. The system is a standalone according EU Machinery Directive for safe and reliable 

automatic operation and it will consist of different modules. Different kind of techniques has 

been developed for NOx reduction as FGR (Flue Gas Recirculation), LNB (Low NOx 

Burners), BOOS (Combustion Optimization Burners out of Service), LEA (Less Excess Air), 

FR (Fuel Reburning) etc. Table-1 will present NOx reduction techniques and control principle 

[2].  

 

Table 1. NOx technologies and control method [2]. 
1. Reducing peak temperature FGR (Flue Gas Recirculation) 

LNB (Low NOx Burners) 

BOOS (Burners Out Of Service) 

LEA (Less Excess Air) 

OFA (Over Fire Air) 

2. Reducing residence time at peak 

temperature 

Inject Air 

Inject Fuel 

Inject Steam 

3. Chemical reduction of NOx FR (Fuel Reburning) 

LNB (Low NOx Burners) 

SNCR (Selective Non-Catalytic Reduction) 

SNC (Selective Catalytic Reduction)  

4. Oxidation of NOx with subsequent 

absorption 

Non-Thermal Plasma Reactor Inject Oxidant 

5. Removal of nitrogen Oxygen Instead Of Sir Ultra-Low Nitrogen Fuel 

6. Using a sorbent Sorbent In Combustion Chambers Sorbent In 

Ducts 

7. Combinations of these Methods All Commercial Products 
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By using chemical reduction to reduce NOx value is implementing in third method which is 

used in this project. This method is used by injecting a reduction substance consist of nitrogen 

to reverse to oxidation. FR and LNB is preventing pollution while SNCR and CR are add-on 

technology. Urea and ammonia are mostly used in these methods. SNCR and SCR systems 

are the two most efficient post processes to control NOx emission in waster compared with 

other techniques [3]. SCR is more efficient to remove NOx in flue gas, but SNCR system has 

more advantages since it is easier to retrofit, cheaper, requires less space and can function also 

in dirty environments [4]. SNCR system is one of the most popular methods used for 

controlling NOx level in waste gas.  

 

The (SNCR) system is a technology that converts nitrogen oxide (NOx) into nitrogen (N2) and 

water (H2O) by injecting urea (NH2CONH2) directly above the combustion where flue gas has 

a temperature between 871 and 1,148 0C [5]. The control system is injecting urea according 

the NOx value in the combustion. The installation of injectors place is very important. 

Production at a low temperature will not cause a chemical reaction, and urea will be sent to 

the atmosphere which is called slip. On the other hand, production at a higher than certain 

temperature will burn urea and NOx will be created rather than reduced [6].  

 

Measurements are carried out in the colder flue gas downstream of the boiler. In control 

system, there is significant delay (injection into combustion according to NOx sampling, 

analysis, then new set point in the control system). The control system should response 

quickly as possible to minimize the delay time. A standalone PLC controls the such a process. 

The process control system of the overall plant can be used alternatively. There has been 

some researches where other kind of process controls has been applied as “Artificial 

Intelligence”,  “Fuzzy Logic”, “online CvD”, and similar technologies [7].  

 

The considering of atmospheric environment has led to stricter regulations in curb NOx which 

consequently has stimulated a few research studies to derive effective NOx reduction 

technologies. NOx combustion production technologies have been shown to be effective in 

meeting the stringent NOx emissions standard [8].  

 

This project is supporting the global sustainability policy and the 2030 agenda by reducing to 

NOx which effect on acid rain, ozone, visual failures, global warming and the quality of 

water. 
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1.2 Goal 

The goal of this project is to develop the Selective Non-Catalytic Reduction (SNCR) system 

which will have a control system to keep NOx emissions from combustion between the limit 

180-190 mg/Nm3 by maximum 27 kg/h urea consumption. The entire system can be followed 

by a HMI for visualization control and then commission the system on the site. 

 

1.3 Tools used in the controller  

The following tools were used for controlling the system; 

 

• One industrial PC touch panel 

• HIM (CitectSCADA) 

• PLC (Siemens step 7) 

• VPN modem for remote control 

 

1.4 Outline 

The Chapter 1 of this report gives a basic introduction to the project, problem statement, 

motivation, the aim of project, tools, concrete goals. The chapter 2 gives briefly theorical 

information to the assignment. The chapter 3 gives basic information of SNCR system 

installation place and which method has been used to build the system. The chapter 4 explains 

the detail information each module, entire control system, measurements and results. The 

chapter 5 contains the discussion while the chapter 6 presents conclusion summarizing the 

whole process results and it is following by references and appendices. 
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2 Theory 

This chapter provides an overview of related theoretical concepts and terms that are relevant 

to understanding this project. These concepts and terms were used performance of task work 

and were instrumental in achieving the results.   

2.1 Control system 

2.1.1 PID controller 

A PID is typically used in industry as control loop feedback system. The process of 

controlling physical variables such as pressure, temperature, tank level and flow rate can be 

done accurately via PID. Simple equations are used to evaluate the controlled variables. A PV 

(Process Variable) is measured and sends a feedback signal to the controller. Then the 

controller compares the feedback signal with the set point (SP), and the difference is an error 

value. The error (E) value will be examined by one, two or all three (proportional integral and 

derivative) of the methodologies [9]. The following PID control schema in Figure 1 presents 

an interactive algorithm where all three methodologies are used.  

 

Figure 1. Interactive Algorithm. 
 

Where:  

𝐾𝑝 =  𝐾𝑐                              Proportional Gain 

𝐾𝑖 =  
𝐾𝑐

𝑇𝑖
                              Integral Gain 

𝐾𝑑 =  𝐾𝑐𝑇𝑐                         Derivative Gain 
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2.1.2 Proportional Term 

The proportional (P) expression produces an output value which is proportional to the current 

error value. The proportional gain constant (KP) can be used to adjust the proportional 

response by multiplying the error with a gain constant. The following equation (1) shows the 

proportional term [10]:  

 

𝑃𝑜𝑢𝑡 =  𝐾𝑝𝑒(𝑡) (1) 

 

A large change in the output as response to a given change in the input error is the result of a 

high proportional gain. This can result in an unstable system. On the other hand, a small 

change in the output as response to a given change in the input error is the result of a less 

responsive or a less sensitive controller. The control action can be too small if the 

proportional gain is so low when responding to system disturbances. Industrial practice and 

tuning theory show that the proportional term may help most of the production changes [10].  

 

 

2.1.3 Integral Term 

Both the duration and magnitude of the error are proportional to the contribution from the 

integral term. The sum of the instantaneous error over time can be indicated by the integral in 

a PID controller, and it gives the accumulated offset that should have been corrected 

previously. The integral gain Ki is multiplied with the accumulated error and then added to the 

control output as shown in equation (2). 

 

𝐼𝑜𝑢𝑡 =  𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡

0

 
(2) 

 

The movement of the process towards set-point is happening by the integral term and 

eliminates the remaining steady-state error that consists by a pure proportional controller. 

Since the integral term responds to accumulated errors from the past time, however, it can 

cause the present value to overshoot the set point value [10].  
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2.1.4 Derivative Term 

Determining the slope of the error over time and then multiplying this rate of change with the 

derivative gain (Kd) can be used to calculate the Kd. The derivative gain may design the 

magnitude of the contribution of the derivative term to all control action. The equation (3) is 

showing the derivative term. 

 

𝐷𝑜𝑢𝑡 =  𝐾𝑑

𝑑

𝑑𝑡
𝑒(𝑡) 

(3) 

 

The stability of the system and an improvement of the settling time can be done by derivative 

action forecast of system behavior. The implementation of PID controller will limit the high 

frequency gain, noise and additional low-pass filtering to the derivative term [10].  

 

The effect of all three methodologies Kp, Ki and Kd can be seen in the Table-2 [11].  

 

Table 2. The effect of PID controller [11]. 

 

Parameter Rise-time Overshoot Settling-

Time 

Steady-State 

Error 

Stability 

KP Decrease Increase Small 

change 

Decrease Degrade 

Ki Decrease Increase Increase Eliminate Degrade 

Kd Minor 

change 

Degrade Degrade No-effect Improve if 

Kd small 

 

 

The following controller’s response parameters determine the practical purpose control 

performance [11]:  

 

• Rising-Time: The time it takes from 10% value by controller to trigger the process 

value (PV) to 90% the set-point is called rising time for an under-damped system. A 

good controller gives a small raising time result.  
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• Peak-time: The time required for the response to reach the max value of the PV for the 

first time. 

 

• SSE (Steady-state-Error): The PV is settled to a closer value to the SP by the 

controller. The difference between SP and the settled PV is called the steady state 

error. A smaller value of the steady state error gives a better controller.  

 

• Settling-time: The time it takes for the PV to settle to the steady state error by the 

controller is called the settling time. A shorter settling time means a better controller 

in terms of the response rate.  

 

• Overshoot: The controller tries to push the PV above the set-point. This occurrence is 

called overshoot.  

 

2.1.5 Closed-loop control system 

In a closed-loop control system the output Y(t) has an effect on the input U(s) by the 

controller Gs(s) adjusting the error signal to minimize the error and make PV closer to the 

desired value. In such a system, the parameters are primarily set corresponding to the value of 

the variable to be regulated. A closed loop system is shown in Figure 2, Gs(s) is the transfer 

function which acts on the signal error E(t) and feedback function H(s) is function of the 

output. Closed-loop control system can be expressed in the equation (4) [11].  

 

𝑅𝑠

𝑌𝑠
=  

𝐺𝑠(𝑠) ∙  𝐺𝑐(𝑠) ∙  𝐻(𝑠)

1 +  𝐺𝑠(𝑠) ∙  𝐺𝑐(𝑠)  ∙ 𝐻(𝑠)
 

(4) 

 

 

 

 

Figure 2. Closed loop control system. 

D(s) 
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2.1.6 Steady-state error 

Nonlinear sources as motors and backlash in gears can cause steady-state errors in control 

system. Figure 2 may be an example, where Y(s) is the output, R(s) is the input and E(s) = 

R(s) – Y(s) is the error. [12]. A system`s closed-loop transfer function helps to calculate the 

steady-state error. In Figure 2 the feedback control system is considered. The feedback H(s) is 

equal to 1, so the system has unity feedback. E(s) is presenting the error between the output 

Y(s) and the input R(s). The equation solving the E(s), will give an expression for the error 

according to the equations (5) – (7) [13].  

 

E(s) = R(s) – Y(s) 

Y(s) = E(s) * G(s) * H(s) 

𝐸(𝑠)  =  
𝑅(𝑠) 

1 +  𝐺(𝑠)𝐻(𝑠)
 

(5) 

(6) 

(7) 

 

The final value of error, e() can be calculated by using e(t) at any time, t. Without using the 

inverse of Laplace transform of E(s), the final value can be applied, see equation (8) – (10) 

[13]. 

𝑒(∞) =  𝑙𝑖𝑚
𝑡→∞

𝑒(𝑡) = 𝑙𝑖𝑚
𝑠→∞

𝑠𝐸(𝑠) 

𝑒(∞) =  𝑙𝑖𝑚
𝑡→0

𝑒 (
𝑠𝑅(𝑠)

1 + 𝐺(𝑠)𝐻(𝑠)
) 

If R(s) = 1/s 

𝑒(∞) =  𝑙𝑖𝑚
𝑡→0

𝑒 (
𝑠𝑅(𝑠)

1 + 𝐺(𝑠)
) =  

1

1 + 𝑙𝑖𝑚
𝑠→0

𝐺(𝑠)
 

(8) 

 

(9) 

 

 

(10) 

 

2.1.7 Disturbances 

The feedback control system is typically compensated for unexpected inputs that entering a 

system as disturbances [12]. The best advantage of a feedback system is that it can be 

designed to follow the input with small or zero errors regardless of these disturbances. We use 

the equations (11) – (16) to calculate disturbances in the control system [13].  
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𝐶(𝑠) = 𝐸(𝑠)𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠) + 𝐷(𝑠)𝐺𝑆(𝑠)H(s) 

𝐶(𝑠) = 𝑅(𝑠) − 𝐸(𝑠) 

𝐸(𝑠) =  
1

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝑅(𝑠) −

𝐺2(𝑠)

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝐷(𝑠) 

 

𝑒(∞) = 𝑙𝑖𝑚
𝑠→∞

𝑠𝐸(𝑠)

=  𝑙𝑖𝑚
𝑡→0

𝑒 (
𝑠

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝑅(𝑠)) − 𝑙𝑖𝑚

𝑠→0
(

𝑠

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝐷(𝑠))   

Where 

𝑒𝑅(∞) =  𝑙𝑖𝑚
𝑠→0

(
𝑠

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝑅(𝑠))  

𝑒𝐷(∞) = − 𝑙𝑖𝑚
𝑠→0

(
𝑠𝐺2(𝑠)

1 + 𝐺𝑐(𝑠)𝐺𝑠(𝑠)𝐻(𝑠)
𝐷(𝑠))  

(11) 

(12) 

(13) 

 

(14) 

 

(15) 

(16) 

 

 



Sedat Polat SELECTIVE NON-CATALYTIC REDUCTION SYSTEM 

 

10 

3 Methodology 

The chapter including basic information of SNCR system installation place effects on NOx 

reduction and which method has been used to build the system. 

3.1 Electrical Cabinet Design  

The design of electrical construction based on the country’s rules and laws as in the electrical 

equations (17) – (28). After selecting the items which are necessary for the system, the 

following procedures describe the electrical construction and the tables below can be found in 

the reference book [14]. Finally, one must select a cabinet with enough space to all the items.  

 

• Calculate IB and select IN. Thermal relay protection can be select as IB = IN 

𝐼𝐵  =  
𝑃𝐵

𝑈𝑁 ∙ 𝑐𝑜𝑠𝜑
(𝑜𝑛𝑒 𝑎𝑛𝑑 𝑡𝑤𝑜 𝑝ℎ𝑎𝑠𝑒) 

𝐼𝐵  =  
𝑃𝐵

𝑈𝑁 ∙ 𝑐𝑜𝑠𝜑 ∙ √3
(𝑡ℎ𝑟𝑒𝑒 𝑝ℎ𝑎𝑠𝑒) 

(17) 

(18) 

 

IB = Load current 

IN = Rated fuse size 

PB = Load power 

  

• In the Table 52A.3, select suitable installation methods with reference to 

corresponding laying methods for developing load capacity. 

 

• On the Table 52B.1, overview of laying methods can be followed to select for 

ambient temperature (kt) and multicore cables (kp).  

 

• Current-carrying capacity (Im) can be selected on the Table 52B.2-52B.13. 

 

• Ambient temperature (kt) can be selected on the Table 52B.12-52B.15. 

 

• Correction factor (kj) can be selected on the Table 52B.16 
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• Then determine the reduction factor for groups of multiple courses or multi-conductor 

cables (kp) on the Table 52B-17-52B-21. If more than 15% harmonic currents are 

expected, the reduction factor (k0) can be found in Table 52D-1. 

 

• Calculate the minimum theoretical power output  using the following equations. 

 

𝑙ʽ𝑚 = 
𝐼𝑛

𝑘𝑟∙𝑘𝑝∙𝑘𝑜∙𝑘𝑗
 

 

𝑙ʽ𝑚 = 
𝐼𝑛

𝑘𝑟∙𝑘𝑝∙𝑘𝑜∙𝑘𝑗
  (fixed load) 

 

(19) 

(20) 

 

•  Determine the cable's cross-section and uncorrected power. 

 

• Determine the real power supply (IZ) 

 

𝐼𝑧 =  𝐼𝑚 ∙ 𝑘𝑟 ∙ 𝑘𝑝 ∙ 𝑘𝑜 ∙ 𝑘𝑗  (21) 

 

• The following two requirements must be met,  

 

IB > IN > IZ 

𝐼2 ≤ 1,45 ∙ 𝑙𝑧 

𝐼2 = 𝑘𝑛 ∙ 𝑘𝑁 

  (22) 

(23) 

(24) 

I2 = Minimum power that ensures that the fuse is switched off within one hour (3600s) 

 

• Determining the cable cross section according to the voltage drop (for A ≤ 35 mm2) 

 

𝐴𝑚𝑖𝑛 =  
𝐼𝐵 ∙ 𝜌 ∙ 𝑙 ∙ 2 ∙ 𝑘𝑡2 ∙ 𝑐𝑜𝑠𝜑

∆𝑈𝑚𝑎𝑥
 (𝑜𝑛𝑒 𝑎𝑛𝑑 𝑡𝑤𝑜 𝑝ℎ𝑎𝑠𝑒) 

𝐴𝑚𝑖𝑛 =  
𝐼𝐵 ∙ 𝜌 ∙ 𝑙 ∙ √3 ∙ 𝑘𝑡2 ∙ 𝑐𝑜𝑠𝜑

∆𝑈𝑚𝑎𝑥
 (𝑡ℎ𝑟𝑒𝑒 𝑝ℎ𝑎𝑠𝑒) 

∆𝑈𝑚𝑎𝑥 =
𝑈𝑁 ∙ ∆𝑢

100
 

(25) 

(26) 

(27) 

            ∆𝑢 = Voltage drop in %  

𝑙𝑚 = The conductor's uncorrected power supply 

𝑘𝑡2 = Constant for temperature compensated values. k2t = 1.25 when calculating 

voltage drop 

k = A constant for calculating a cable's short-circuit capacity 

 

• Flow of energy : 𝐼2 ∙ 𝑡 
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• Maximum energy leaders tolerate before the limit temperature until the conductor 

insulation is achieved: 𝑘2 ∙ 𝑠2 

𝐼2 ∙ 𝑡 ≤  𝑘2 ∙ 𝑠2 (28) 

3.2 Chemical reaction  

3.2.1 NOx 

Nitrogen and oxygen atoms combine during fuel combustion resulting in what is called NO 

(nitrogen oxide). On the further chemical reaction, NO combines with O2 (oxygen) especially 

at high temperatures during combustion of fuel and this chemical reaction is creates NO2 

(nitrogen dioxide). The combination of both NO and NO2 gases produces NOx (nitric oxide). 

The normal kinetic equation for thermal NOx formation shows in the equations (29) and (30). 

NO formation with thermal mechanism runs at a slower rate than the oxidation of 

hydrocarbons. The rate of NO formation can be written by using equation (31). The equation 

(32) is presenting how strong NO formation rate and depends on temperature [15]. 

 

𝑂 +  𝑁2 ↔ 𝑁𝑂 + 𝑁 

𝑁 +  𝑂2 ↔ 𝑁𝑂 + 𝑂 

𝑁 +  𝑂𝐻 ↔ 𝑁𝑂 + 𝐻 

𝑑[𝑁𝑂]

𝑑𝑡
= 𝑘 𝑒−𝐾/𝑇[𝑁2][𝑂2]1/2𝑡−1/2 

(29) 

(30) 

(31) 

(32) 

 

Where  

K and k = reaction constant 

t = time 

T = absolute temperature.  

 

The effects of NOx emissions on the environmental and health can be listed as following 

points. 

• Acid Rain: The NOx is reacting with other staffs in the air to form acids and then 

falling to the earth as different kind of form, snow, rain, acid fog or dry particles [16]. 

This can affect vegetation, fishes, cause forest damage and reduced growth [17]. 
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• Ozone: The NOx is reacting in atmosphere with sunlight and heat which may cause of 

lung function and lung tissue. This may effect on vegetation and growth reducing [18].  

• Visual Failures: The NOx may block transmission light which may cause reducing of 

visibility in urban or polluted areas [18]. 

• Global warming: The NOx is a kind of greenhouse gas which is causing climate 

warming [19]. 

• Quality of Water: The NOx chemical reaction with water increasing the nitrogen in 

water which lead oxygen depletion and it may reduce shellfish and fish populations  

[20]:  

 

3.2.2 Urea 

NOx reduction is achieved by chemical reaction either by urea (𝑁𝐻2𝐶𝑂𝑁𝐻2) or ammonia 

(NH3). Ammonia is a natural chemical substance, which is very volatile. It is harmful and 

effect both health and environmental. On the other side, urea is an organic compound, stable 

and non-volatile, environmentally friendly material and does not pose such a risk [4]. Urea 

(2(𝑁𝐻2)2𝐶𝑂) is injected in the combustion where NOx and Oxygen (𝑂2) are already existing. 

The chemical reaction result is nitrogen (𝑁2), water (4𝐻20) and carbon dioxide (2𝐶𝑂2). 

Equations (33) – (34) shows urea and ammonia chemical reactions with NOx [5].  

   

Urea 

Ammonia 

2𝑁𝑂 + 𝑁𝐻2𝐶𝑂𝑁𝐻2 + 1
2⁄ 𝑂2 →  2𝑁2 + 2𝐻20 + 𝐶𝑂2 

4𝑁𝑂 + 4𝑁𝐻3 + 𝑂2 →  4𝑁2 + 6𝐻20 

(33) 

(34) 

 

3.2.3 Soft-water 

Softened water is regular drinking water which is taken from a tap or existing water source in 

the environment which is called hard water [21]. Hard water has high levels of magnesium 

(Mg2+) and calcium (Ca2+) which can damage a system in a certain period by minerals that 

react with the urea or the ammonia. The hardness of the water is determined the calcium 

content and may be expressed in different units such as Deutsch hardness, French hardness 

and others [22]. Calcium may as a result of being in contact with ammonia build-up in the 

pipes, block the flow and affect the efficiency of the SNCR equipment. 
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Soft water can be obtained by reducing the level of magnesium and calcium [23]. This 

process can be done by mixing hard water inside filters filled with a polystyrene resin 

material. The filter material is then cleaned using salt. Soft water in the SNCR system is 

necessary for two reasons: 1) To be able to flush the pipes of the system for some time after a 

stop to avoid blocking, and 2) To achieve better flow rates (dilution) in the system since urea 

injection is so small.  

 

3.2.4 SNCR system slip catalyst 

The SNCR system technology usage is limited because of ammonia slip according to EU 

commission [24].  In order to reducing NOx value from 70 to 100 mg/Nm3, ammonia slip 

should be reduced by using either a wet scrubber or waste water. The slip is high in low 

operator temperature point and slip is reducing by increasing the temperature [25]. There are 

two main reasons for slip, first one is injection point temperature and second reason may be 

injection large amount of ammonia [26].  

 

3.2.5 The vacuum/ pressure relief 

The vacuum / pressure relief valve, also known as breathing valve, is a special type of relief 

valves for protection of the tank. This kind of valve prevents the buildup of excessive pressure 

or vacuum, which can balance the system. A vacuum/pressure relief valve is a device for tank 

protection, mounting on a nozzle opening on top of a fixed atmospheric storage tank. Without 

vacuum/pressure valve, the tank can collapse or explode during the pumping in or out of the 

liquid. The following calculation in equation (35) is necessary for determining valve 

discharge area [27]. 

 

A  =  
𝑉𝑅

12,503 𝐾𝑑 (𝑃𝐼+ 𝐴𝑡) 𝐹 √
𝐾

𝑀𝑇𝑍 (𝑘−𝐼)
[(

𝑃2+𝐴𝑡
𝑃1+𝐴𝑡

)

2
𝑘

−(
𝑃2+𝐴𝑡
𝑃1+𝐴𝑡

)

𝑘+𝐼
𝑘

]

 
 

(35) 

      

Where: 

VR = Air Venting Requirement 

  

Nm3/h Air 
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A = Required flow area of valve 

Kd = Coefficient of discharge (see attachment 1) 

P1 = Inlet flow pressure  

      (Set + Over Pressure – Inlet      Pressure Loss) 

P2 = Outlet pressure (Back pressure) 

K = Ratio of Specific Heats 

T = Temperature at valve inlet 

M = Molecular weight 

Z = Compressibility factor 

At = Atmospheric pressure 

F = Over pressure factor (see Appendix A) 

cm2 

 

Barg 

 

Barg 

Air = 1.4 

273 deg R 

Air = 28.97 

Air = 1.0 

1.0138 Bar 
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4 Results and Commissioning 

4.1 The process modules 

An SNCR system consists of several parts as pump module for filling, storage tank, pump 

module for reduction, pump module for water, process unit, control and management module 

and injectors, see in Figure 3. All these modules have been constructed in the same way.  

 

 

Figure 3. Selective Non-Catalytic Reduction system. 
 

4.1.1 Pump Module for Filling 

The PMF fills the storage tank from a truck by means of a pump, an overfill protection, a 

level indication, and a control cabinet for manual operation. The system consists of one self-

priming centrifugal pump in polypropylene with an AC motor. The pump module is a 

standalone module only for local operation. The pump is connected to the overfill protection 

on the storage tank. The cabinet includes main switch, circuit breaker, motor protection and 

starter for motor, power supply, unit for low voltage, start and stop buttons, etc. A valve with 

a limit switch for the pump is included.   A safety switch for the motor is also included. The 

PMR is located beside storage tank. 

 

Signals on PMF: 

• Overfill alarm which stops the filling procedure  

• Tank inlet valve position alarm for filling, blocking of filling pump.  
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After connecting the return gas and the PMF hose from the truck, the “Indicator Pump Ready” 

will light up (blue indicator). Then the Start (green indicator) and the Stop (red indicator) 

buttons will be activated. The three yellow indicators are lit up when “Motor Protection not 

ok”, “Over Fill Protection not ok” and “Safety/Switch Off” are activated.  

 

4.1.2 Storage tank for Urea 

The tank is a single wall type manufactured in Glass (fiber) Reinforced Plastic (GRP). An 

overflow protection with two independent switches is attached electrically to the PMF and 

will stop the filling if the tank should be overfilled. There is also a level transmitter for both 

local and remote indication of the tank volume. The signals from the tank are collected in the 

PMR cabinet and transferred to DCS via bus cable.  

 

Signals from tank which shows on operation panel (OP): 

• Alarm when time to fill the tank (Low level alarm) 

• Low low level alarm as a pump protection, stops the system 

• Signal for actual level in tank 

 

Signal from tank which shows on PMF: 

• Tank inlet valve position alarm for filling, blocking of filling pump 

• Overfill alarm which stops the filling procedure 

 

The tank manufacturing and commissioning was done successfully. PMF is located beside the 

tank. Level transmitter switch installed on the top, giving signal to PMF in order to stop the 

pump when it got full. A leakage sensor is mounted on the left side. A pressure transmitter is 

installed on the right side of tank, working range -10 to +200 mbar (corresponds to 4-20mA), 

giving signal (Low-level: information alarm and Low low level: stops SNCR equipment) to 

operational panel.  
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4.1.3 Pump Module for Water 

The PMW is used for transporting and pressurizing softened water for dilution of reduction 

agent solution to the concentration needed in the furnace to the blending modules in the 

process unit and flushing. A pump pressure indicator/transmitter for local display and signal 

to the CMM is included. The cabinet includes a main switch, circuit breaker, motor protection 

and starter for motor, I/Os, power supply unit, process stop, a safety breaker for motor, etc. 

The pump module communicates with the CMM via distributed I/Os of make Beckhoff and 

Profibus DP. 

 

The PMW is manufactured and the commissioning is done. A switch on the electrical cabinet 

can be set to local or remote. When the switch is set on local, the pump starts immediately, 

but when it is set remote the pump is started by the blending module’s start sequence. The 

pump module consists of three digital level sensors for high (stop the pump), low (start the 

pump) and respectively low-low level (alarm and stop the SNCR system).  The pump module 

also contains an analogue pressure sensor with a working range of 0-20 bar which 

corresponds to 4-20 mA. The pressure sensor is monitored when the pump motor is operating, 

and an alarm shall be programmed when the pressure falls below the low level and stops the 

equipment. The high level is only for monitoring and does not stop the equipment.  

 

4.1.4 Water softener  

The water softener consists of a twin bed ion exchange material. One bed is on duty and the 

other regenerated or in standby position giving a continuous flow of softened water. The 

regeneration is done by using salt NaCI. The frequency of regenerations depends on the 

amount of water used and hardness of the row water. When the raw water passed the ion 

exchange bed, calcium and magnesium ions will be exchanged to sodium ions. Ordinary 

potable water is normally used as raw water. The function is controlled by a controller unit on 

the module.  

 

4.1.5 Pump Module Reduction  

The PMR is transporting and pressurizing reduction agent from the storage tank to the 

blending modules in the process unit. The module is equipped with two shutoff valves, one of 

them for remote operation with limit switches and one multistage centrifugal pump. A pipe 
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with a valve for recirculation is also included which makes it possible to run the pump against 

a closed outlet.  

 

The cabinet includes a main switch, circuit breaker, motor protection and starter for motor, 

I/Os, power supply unit, process stop, etc. The cabinet also handles the tank functions like 

level gauging, pump protection at low level and other signals from the tank area. A safety 

switch for the motor is also included. The pump module communicates with the CMM via 

distributed I/Os of make Beckhoff and Profibus DP. 

 

Signals which will shows on OP (operation panel): 

• Pump mode signal (running, not running) 

• Low pump pressure alarm 

• High pump pressure alarm 

• Signal for actual pump pressure 

• Inlet valve position alarm 

• Outlet valve position alarm 

 

4.1.6 Process Unit 

The blending modules produces the quantities of reduction agent-water mixture of the right 

concentration and volume for the current operating condition demand. When the PU or the 

whole system is stopped, the system can be purged with water and air to secure that no 

reduction agent is left in the pipes. The process unit communicates with the control and 

management module via Profibus DP to distributed I/Os of make Beckhoff.  

 

The PU cabinet has five inlet valves which are activated in sequence via pilot-valve. Three of 

them are located at the bottom, the first one on the left side for soften water, the second one in 

the middle for flushing as bypass and the third one on the right side for urea. Two of them are 

mounted after the blading module. Two manual valves are mounted on the PU cabinet outlet 

as safety before sending flow to the injectors. Two regulating valves are mounted before 

blending and they are controlled by CMM via IP-convertor and regulating soft water/urea 

flow according NOx value in combustion. Two manometers and two flow meters mounted on 

the top of process and they can be monitored to see each injectors flow and pressure. The flow 

of each injector can be regulated manually with manual valves after blending modules.  
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Signal from PU will show on operation panel: 

• Low flow alarm for reduction agent 

• High flow alarm for reduction agent 

• Signal for actual flow of reduction agent  

• High pressure alarm for reduction agent/water 

• Low pressure alarm for reduction agent/water 

• Signal for actual pressure of reduction agent/water 

• Inlet valve position alarms  

• Low flow alarm and stop for each injector 

• High flow alarm and stop for each injector 

• High flow alarm and stop for each injector 

• Continuous surveillance of flow for each injector 

• Signal inlet valve position for each injector and main valves 

• Low pressure alarm for instrument air, stops the system.  

 

4.1.7 Injector Modules 

The special injectors developed by “Yara Environment AB” are manufactured in stainless 

steel. The IM spraying length and width as well as the size of the droplets are adjustable. The 

possibilities of adjustments give a broad flexibility and means that the spraying dose can 

reach a large area of the ducting. Compressed air is used to atomize the droplets of reduction 

agent. In stand-by the compressed air is used for cooling of the injectors. When the blending 

module is stopped, the injectors will be purged with softened water to secure that no reduction 

agent is left in the system.  The injectors are located in one or more levels on the ducting, and 

the recipe of the control and management program will select which injectors shall be in 

operation to match the actual operating conditions. The total numbers of injectors are two and 

they are mounted on combustion with the opposite position, first injector on the right side and 

second on the left side of combustion. 
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4.1.8 Control and Management Module 

The CMM controls the whole system via HMI (Citect touch panel), see in the Figure 4. The 

CMM consist of a circuit breaker, a signal contact, a memory card, an Ethernet router, an 

overload protection, an auxiliary contact, a main switch, terminals, Profibus contacts, I/Os, 

one industrial PC, etc. The SNCR system has signal exchange with the main control system 

and from the main control system. The CMM also has a VPN connection for remote control. 

The pushbutton for process stops on the cabinet will stop entire SNCR system when it is 

activated. Then the red is activated as the process is stopped in emergency. There is also a 

reset button to reset whole system.  

 

 

   

Figure 4. Control and management module. 
 

 

4.2 Control system 

The control system consists of Siemens step 7, industrial PC (Citect touch panel) and VPN-

modem for remote control, see Figure 6. The controlling is done from the PID as explained in 

Chapter 2.1.1 and runs according to the diagram in appendix B. The PLC has been built by 

one CPU, one MPI/DP, three PN-IO cards, and each of the modules have several I/Os cards. 

They communicate via Profibus, and the system is built as in Figure 5. The PLC 

programming made of an Organization blocks, function blocks, functions, data types, instance 

data blocks, etc.  
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Figure 5. PLC structure. 
 

 

 

 

Signal exchange with customer control room:  

The following signals are needed from the DCS in order to secure the control of the process 

via bus communication or hardwired. The analogue signals need to be updated about every 30 

seconds:  

• NOx 

• Urea slip 

• Temperature of the flue gas after the furnace 

• Load as output or similar 

• CO 

• O2 

• The combustion line is running 

• Start SNCR system 

• Stop SNCR system 

• Reset SNCR system 

 

The following signals are given via bus communication to the DCS:  

• All open valve signals 

• Flow of all flow meters 

• Pressure of reduction agent, water and compressed air 

• Running signal of pumps 
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• Level in storage tank 

• Alarm A (system trip) 

• Alarm B 

• SNCR system running 

• Communication surveillance alarms (Watchdog) 

 

 

 

Figure 6. Controlling overview. 
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The start sequence begins when the SNCR equipment is started in automatic mode, i.e. the 

plant is prepared for start by setting it to the “ON” position. Then you press “Start auto”. 

After this the plant will begin its start sequence. The following occurs: 

The start sequence has 8 steps where the start signal (automatic start) means that ”Init Start” is 

active: Figure 7 illustrates the start sequence with its incidents and transitional conditions: 

 

 

 

Step: The start signal (automatic start)  → “INIT START” is active: 

Conditions: The furnace load/temperature exceeds the setting for level 1 

according to the formula and furnace running =1 

Step: The reduction agent regulator is set to manual position with output 

0%.  

Condition: If the level of water is higher than 0 in any recipe then start 

the water pump. 

Step: Start the water agent pump 

Conditions: Monitoring of the above step has taken place 

Step: Open the water valve in the PU-cabinet 

Conditions: Monitoring of the above step has taken place 

Step: Start the reduction agent pump after the inlet valve has been 

opened. 

Conditions: Monitoring of the above step has taken place 

Step: Open the reduction agent valve in the PU-cabinet 

Conditions: Monitoring of the above step has taken place 

Step: If the formula above has forced the regulator to manual position, 

reset to auto 

Conditions: Reduction agent regulator in automatic 

Step: Start a delay timer (2 seconds) before the first injector valve opens 

Conditions: Start delay timer 2 seconds terminated 

Step: Open injector valve in the PU-cabinet according to recipe 

Conditions: If several injector valves are selected → go with the start 

delay timer to next valve 

Conditions: No more injector valves selected 

Step: No tasks → start sequence finished 

 

 

Figure 7. Start sequence of SNCR system. 
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During the stop sequence the equipment is flushed with softened water. Stop according to 1) 

above stops the plant immediately. The stop sequence is not executed (i.e. not the flushing 

either). The same applies if you quick stop the plant. Stop according to 2) and 3) above means 

that the stop sequence is activated (the plant will be flushed). The stop sequence also takes 

place in accordance with a sequential process (as the start sequence) and comprises 9 steps as 

in following Figure 8. 

 

 

INIT STOP

CLOSE AMONIA 

VALVE

OPEN FLUSH 

VALVE

PUT PID IN 

MANUAL

FLUSHING

CLOSE FLUSH 

AND WATER 

VALVE

PUT PID IN 

AUTO

STOP PMW

STOP STANDBY

 

Step: The stop signal (automatic stopped) → INIT STOP is active:  

Conditions: If point 2) or 3) above is active 

Step: Close the reduction agent valve in the PU-cabinet. Stop the reduction agent 

pump PMR, open the water valve in the PU-cabinet and start the water pump PMW. 

Open Injectors that has been in operation  

Conditions: Monitoring of that the above step has taken place. 

Step: Open the flushing valve in the PU-cabinet  

Conditions: Monitoring of that the above step has taken place 

Step: The water and reduction agent regulator is set to manual position 

Conditions: Monitoring of that the above step has taken place 

Step: Flushing. A timer for flushing starts 

Conditions: The flushing above has terminated. 

Step: Close the flushing valve and the water valve in the PU-cabinet.  

Conditions: Monitoring of that the above step has taken place 

Step: If the program above has forced the regulators to manual position, reset to auto 

Conditions: The steps above have been executed and have been active for more than 5 

seconds 

Step: Stop the water pump and close injector valves 

Conditions: Monitoring that the above step has taken place 

Step: If point 2) active → stop sequence finished; If point 3) active → standby until the 

Furnace-running signal is activated (=1) Close injector valves 

Conditions: If point 2) active → stop sequence finished; If point 3) active → Furnace is 

running again 
 

 

Figure 8. Stop sequence of SNCR system. 
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4.3 HMI for Visual Controlling and Result 

The OP has five paces; Startpage, Boiller1, Recipe, Trend and Alarmlist. The startpage of 

HMI-SCADA/operational panel is shown in the Figure 9. Here it is possible to login to make 

changes of different parameters such as value in recipe, add languages, flushing time, alarm 

set point time, etc. “Fast Stop” is an emergency stop, the same as with the cabinet which has a 

pushbutton where “Off” is activated at same time. The button “On” should be pressed before 

“Start Auto” can be activated. The OP is built in a way to make easier to operator to follow 

the system and easier to find an error if unexpected situation occurs. The OP is connected to 

PLC where all the logic program is built up. The signals from customer as temperature, the 

load, and NOx analyzer are connected to PLC. The control system is built as in Chapter 2.1.2, 

the system is getting the feedback signal frequently from customer and controller regulating 

the PV to make it closer to the SP by injecting urea.  

 

 

 

Figure 9. Startpage of HMI. 
 

 

The second pace of HMI including the PID controller, shows tank level, active/inactive 

valves, air-pressure, etc, see Figure 10. When the “INIT PID” step above is active, the 

program will check if the regulator is in manual position or if the program will force the 



Sedat Polat SELECTIVE NON-CATALYTIC REDUCTION SYSTEM 

 

27 

regulator to manual. If the regulator is already in manual, the sequence will gradually come to 

a halt in the” PUT PID IN AUTO” step. When the regulator is back in automatic, a start delay 

timer begins. When this has finished (set to 2 seconds as default value), the first injector valve 

opens (if the valve has been selected in the formula) and the start delay timer restarts. When 

the start delay timer has finished again (2 seconds), the second injector valve opens (if the 

valve has been selected in the formula), and so on.  

 

 

Figure 10. Boiler pace of OP. 
 

 

In the HMI regulation either Manual Set Point or Calculation Set Point can be selected, see 

Figure 11. Manual Set Point (SP) means that a manual value goes directly to the regulator’s 

set value. Calculated Set Point means that the set value comes directly from the formula 

(recipe). PID will continue regulating the Process Variable to keep it around the Set Point.  

 

When all selected injector valves have opened, the start sequence is finished. The flow for 

each injector is monitored by a flow sensor. When the valve is open, after 60 seconds the flow 

sensor monitors (default value, adjustable) whether the flow is within permitted levels or not.  

 

PID for Urea and 

soft water flow. 
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Figure 11. Regulator of the urea consumption. 
 

 

Stopping the plant can be done in three different ways as follows (all alarms appear in 

“Alarm list”): 

1) The plant stops because of an A-alarm 

2) The plant stops when stop has been sent from a superior HMI system 

3) The plant stops if the furnace NOx (or the temperature) of the furnace falls below 

level 1 of the formula or the furnace-running signal has fallen 

The system has two types of alarms; A-alarm (stopping alarm) as exp. Low-Low Level 

reduction agent tank and B-alarm (indication alarm) as exp. Low air pressure.  

 

As mentioned above, it is possible to disable the flushing sequence by setting the flushing 

time to 0 seconds. Manually flushing is also possible during maintenance. Flushing the 

system is important before stopping completely. Otherwise the system can be damaged with 

the rest urea inside after a period of time.  

 

A control system and blending module function according to the incoming NOx signals from 

combustion. Figure 12 illustrates the default formula for a blending module with 2 injectors. 

The definitive parameter settings are made when tuning in and are unique for each injector. 

The recipe/formula determines the amount of reduction agent that will be sent to the regulator 
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(as set point) depending on the NOx. The set point for the reduction agent from the recipe is 

195 which gives level 5 and activates two injectors 90 l/h of soft water and 50 l/h urea.  

 

Figure 13 below presents the activated injectors as well as the selected amount of water and 

urea. In order to go from a higher to a lower level the value must be below the lower level as 

well as the hysteresis. The Figure 12 and 13 is based on closed-loop control system, see 

Chapter 2.1.2. 

 

 

 

Figure 12. Activated injectors according to flow rate. 
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Figure 13. Selected amount of urea and water. 

 

 

 

The HMI “Trend” page presents the result of reduction. Four different samples have been 

taken; result of one day, result of one week, result of two weeks and result of five weeks. The 

red line is presenting the NOx, the green line the soft water consumption, the violet line the 

NOx Set Point (190mg/Nm3) and the pink line the urea consumption. 

 

Figure 14 shows the operation result one day. NOx result is stable except at some occasions. 

Unstable times are around 1:00 am, 3:30 am, 4:30 am, 6:30 am and 7:00 am. The average 

NOx is 192.4 mg/Nm3 and it is around the currently set set-point. Only after about 11 am, the 

set-point is changed to 180 mg/Nm3, but the result does not improve. Most likely the urea 

consumption based on the recipe is at its highest. What can also be seen is that the softened 

water consumption is fluctuating before the unstable NOx limits. It could be that the operator 

has adjusted something to make the system perform better. Average urea consumption is 36 

kg/h and is higher than expected. Soft water consumption is 105 kg/h and it is below the  

limits. 
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Figure 14. Result of one day for SNCR system. 

 

 

Figure 15 shows the operation result of one week. During the week, the NOx result is stable 

except in one day between the 21 and 22 of October where the graph shows a high peak. what 

can be seen when looking at a longer time span is that the set-point is 190 mg/Nm3, and that 

the average urea consumption is 18 kg/h as giving a good result. Soft water consumption is 

161 kg/h and it is a high consumption, but mostly due to the events in the previous graph. It 

has been stable prior to that specific day. The average urea consumption is 18 kg/h which is a 

good result. Soft water consumption is 161 kg/h which indicates a high consumption. 

 

 

 

 

Figure 15. Result of one week for SNCR system. 

 

 

NOx Set Point Soft water consumption Urea consumption 

NOx Set Point Soft water consumption Urea consumption 
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Figure 16 below shows the operation result of two weeks. During two weeks, the NOx result 

is as expected most of the time. This also confirms that something was not right with the 

operation on the 23 of October. Otherwise the conditions have been very stable most of the 

time during these two weeks. The set-point of 190 mg/Nm3 is almost on the spot. The average 

urea consumption is 20 kg/h indicating a good result. The soft water consumption is 161 kg/h 

which is high.  

 

 

 

 

Figure 16. Result of two weeks for SNCR system. 

 

 

 

Figure 17 shows the result of a five weeks period which is the total result since 

commissioning was started. After commissioning was done and the system had gotten a NOx 

signal from control room, the NOx value increased at the beginning of September as can be 

seen from the beginning of graph. Different Set Point for NOx have been tested, and the 

system has managed to keep the NOx value around the Set Point. The average NOx value is 

191.5 mg/Nm3 which is still a good result. The average urea consumption is 21.7 kg/h which 

is a perfect result. The average soft water consumption is 69 kg/h which is much less than 

accepted.  

 

 

 

 

 

 

NOx Set Point Soft water consumption Urea consumption 
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Figure 17. Result of five weeks for SNCR system. 
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5 Discussion 

During the commissioning many tests were made on the performance of the SNCR. The most 

recent trends in Figure 17 show that result is fluctuating, something might have changed since 

our visit, either in the combustion process or the urea concentration. More data from those 

specific dates of the trends would be needed from the operator of the combustion process to 

confirm the validity of the data we have provided. Another result that can be seen in the 

Figure 14 that trends is that the base-line NOx at sometimes exceeds 220 mg/Nm3, but not for 

very long. For example, on the 23 of October it is exceeded many times during one day. This 

could indicate that there some problems with the combustion process. 

 

An alternative to urea could be to use ammonia hydroxide as it has been described in chapter 

3.2.2. It is however less tolerant to high temperatures and will oxidize in a hot flow of gases. 

Near the flames of the burners in the combustion process, the temperature is proven to be very 

high, so although ammonia hydroxide could have lowered the total consumption of the 

reduction agent, it would still be less suitable. 

 

During the trials a small difference could be noticed when rotating the direction of the 

nozzles, but it was not significant enough to reduce the amount of urea injection. Instead, the 

amount of softened water injection lowered the NOx levels further, as this helped to cool 

down the flue gases enough for the urea to react with the NOx. So, the softened water 

consumption was instead increased to help reduce the urea consumption and keep the NOx 

emission levels more stable. Some trials prior to the project and during the commissioning 

were made, and the results also show that the NOx could not be reduced much further if the 

injection took place with different reduction agents. Many different locations and angles of 

the spray were tested, but the final position that was chosen was the most efficient one. 

 

The positioning of the injectors was crucial for this project. As the injection nozzles are 

spraying very close to the flames of the burner, it was necessary that the nozzles were 

positioned exactly right. The positioning was on the other hand a disadvantage, as there was 

unfinished combustion in the flue gases. The result from this was that the NOx could not be 

lowered much further. Testing of the injectors with 450 angles was also done but the result 

was not satisfactory.  
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6 Conclusion 

In this project a control system has been designed to keep the NOx emission level between 180-190 

mg/Nm3 with the maximum urea consumption. Adaptive control algorithm has been used to 

control the entire system and stable the NOx emission level. The goal of the project was 

achieved during the commissioning visit while plant was running at 100% capacity. The 

system performed well enough to get keep the NOx around 190 mg/Nm3 by 18 kg/h urea 

consumption as it can be seen in Figure 15.  

 

It would of course be beneficial to reduce the NOx even further as this would be better for the 

environment, but the problem would then be that the reduction agent consumption would be 

far greater, and the injector positioning would have to be modified.  
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Appendix A 

Over pressure factor is used in chapter 2.2.1.  
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Appendix B 

PID is used in Chapter 3.9. 

 


