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Highlights:

 Raman spectroscopy is employed for real time monitoring of CO2 capture plant 
 A multivariate regression model was used to determine rich and lean CO2 loadings
 Reliability of the Raman predictions are confirmed with the titration measurements
 The Raman predictions models are not affected with accelerated solvent degradation 

caused by high conc. of SO2

 It is demonstrated that the technology is a step closer to making offline measurements 
a thing of the past and moving towards predictive control of CO2 capture plants
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13 ABSTRACT  

14 Process analyzers for in-situ monitoring give advantages over the traditional analytical methods 
15 such as their fast response, multi-chemical information from a single measurement unit, 
16 minimal errors in sample handing and ability to use for process control. This study discusses 
17 the suitability of Raman spectroscopy as a process analytical tool for in-situ monitoring of CO2 
18 capture using aqueous monoethanolamine (MEA) solution by presenting its performance 
19 during a 3-day test campaign at PACT pilot plant in Sheffield, UK. Two Raman immersion 
20 probes were installed on lean and rich streams for real time measurements. A multivariate 
21 regression model was used to determine the CO2 loading. The plant performance is described 
22 in detail by comparing the CO2 loading in each solvent stream at different process conditions. 
23 The study shows that the predicted CO2 loading recorded an acceptable agreement with the 
24 offline measurements. The findings from this study suggest that Raman Spectroscopy has the 
25 capability to follow changes in process variables and can be employed for real time monitoring 
26 and control of the CO2 capture process. In addition, these predictions can be used to optimize 
27 process parameters; to generate data to use as inputs for thermodynamic models, plant design 
28 and scale-up scenarios. 

29 Keywords : CO2 capture, Raman spectroscopy, in-situ process monitoring

30 1. Introduction

31 Carbon Capture, Utilisation and Storage (CCUS) is gaining highlights due to its potential to 
32 tackle the climate change problem. The UK Government’s “Clean Growth Strategy” highlights 
33 the role of CCUS in reducing greenhouse gas emissions alongside other options i.e. the need 
34 for switching from fossils to low carbon fuels (Clean Growth, 2018).  Although the technology 
35 is expensive at the moment, it has the potential to provide deep and affordable CO2 emission 
36 reductions from coal and gas-fired power generation. The technologies to meet greenhouse gas 
37 emission limits will cost double if no CCUS is used (BEIS report, 2019). There are many 
38 technological options being considered for CCUS but post combustion capture using 
39 alkanolamine solutions is by far the most understood process due its long time use in the process 
40 industry. Although this process has been applied in the oil and gas industry for many decades 
41 (Polasek and Bullin, 2006), it has been predominantly applied to clean gases. Its application to 
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42 power plant and industrial flue gases, which may have contaminants, is relatively new and is in 
43 the early phase of commercial deployment. Sask Power (Boundary Dam 3) in Canada and Petra 
44 Nova in USA are two example of commercial deployment of this versatile technology. There 
45 are also a number of research facilities in industrial and academic setups working on different 
46 aspects of the technology (de Cazenove et al. 2016; Akram et al. 2016; Notz et al. 2012; Mejdell 
47 et al. 2011).  

48 Several research work is carried on developing and optimizing methods to remove CO2 from 
49 power plants and industrial sources using amine technology. Process modifications (Kang et al. 
50 2016; Jassim et al. 2007; Le Moullec et al. 2014; Madan et al. 2013; Ahn et al. 2013; Amrollahi 
51 et al. 2011; Oh et al. 2018; Diego et al. 2017; Merkel et al. 2013; Herraiz, 2016) and new 
52 solvents (Aronu et al. 2010; Kumar et al. 2014; Hakka 2007; Yuan and Rochelle, 2018; Wang 
53 et al. 2015; Yang et al. 2016; Kim et al. 2013; Cheng et al. 2013; Abu Zahra et al. 2007) are 
54 being tested to minimise these issues. The process is complex and is greatly affected by process 
55 parameters. Moreover, the presence of oxygen and other impurities such as NOx and SOx in the 
56 flue gases cause solvent degradation. Degraded solvent results in reduced process performance. 
57 Inline solvent monitoring is essential for real-time evaluation of the plant performance and 
58 assessing solvent quality. Moreover, it is an important aspect from solvent management point 
59 of view and in order to control the process at optimum conditions. However, a well-established 
60 method for this purpose is currently not available.

61 The chemical process of CO2 absorption by aqueous MEA solutions are attributed by a number 
62 of parameters including CO2 loading (molCO2/molMEA) and solvent concentration. The CO2 
63 loading in an absorption process is also an indication of the carbon species-products that exist 
64 as a result of the reaction between CO2 with amine while in a desorption process it expresses 
65 the efficiency of desorption and degree of regeneration of the solvent for the recirculation to 
66 the absorption column for further CO2 capture from flue gas. Solvent concentration can vary 
67 during the process due to evaporative and degradation losses. The solvent concentration has to 
68 be maintained for optimum operation of CO2 capture plants. Therefore these two parameters 
69 are frequently tested during plant operations to characterize both absorption and desorption 
70 while a detailed analysis of all the chemical components in the solvent stream is important to 
71 understand chemical mechanisms and reaction kinetics. It is apparent that a real-time 
72 measurement represents actual plant operation more realistically than a periodical monitoring 
73 method which only gives measurements in different time intervals where the non-measured 
74 points are predicted based on the trend which can lead to either over-predictions or under-
75 predictions. Unavailability of real-time measurements results in lack of process control. The 
76 CO2 capture process by amines needed to be improved and optimized, to reduce the capital and 
77 operational cost and find solutions for amine degradation and corrosion problems. Availability 
78 of a real-time monitoring method will provide increased process understanding and possible 
79 routes of continuous improvement in a faster and more reliable way. In addition, real-time 
80 monitoring helps for making more data-driven decisions. 

81 Few developments are published in real-time monitoring methods of CO2 capture process. 
82 Monitoring of CO2 capture by aqueous AMP-PZ system and MDEA-PZ high pressure system 
83 are reported by TNO group, Netherlands using chemometrics approach and pilot plant 
84 demonstration. They predicted the concentrations of MDEA, PZ, and CO2 using real-time 
85 measurements of solvent properties which were density, pH, conductivity, sound velocity, 
86 refractive index and NIR absorption (Kachko et al., 2016a). A similar approach was used to 
87 predict AMP, PZ and CO2 in another pilot plant test (Kachko et al., 2015). During long term 
88 pilot demonstrations at TCM CO2 capture pilot plant in Norway, CO2 loadings and solvent 
89 concentration were mainly followed on a daily basis with manual samples and analysis and they 
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90 also used online analyzers such as conductivity, density and pH to make correlations to CO2 
91 loading and solvent strength (Andersson et al., 2013; Flø et al., 2017; Montañés et al., 2017). 
92 Due to the long term use and proven reliability, and familiarity with wet chemical methods, 
93 offline analysis are still used such as barium chloride (BaCl2) titration-precipitation method  
94 (Idris et al., 2014; Weiland et al., 1969) and analysis via acidic evolution (Hilliard, 2008) and 
95 LC-MS  (Knudsen et al., 2014) for determining CO2 loadings.
96
97 Raman spectroscopy is one of in-situ monitoring tools in manufacturing industry. It gives 
98 unique data based on the Raman scattered light by laser induced molecular vibrations. It 
99 provides a high information content about a chemical system, faster measurements within few 

100 seconds, no sample preparation is required and easy to use in plant applications. A method for 
101 in situ specie distribution of a CO2 loaded alkanolamine solution by Raman spectroscopy was 
102 proposed by (Souchon et al., 2011) and (Vogt et al., 2011) showed how CO2 loading can be 
103 qualitatively interpreted from Raman spectra. A complete carbon and amine specie distribution 
104 was presented by (Wong et al., 2015, 2016). Samarakoon et al., (2013) proposed a method to 
105 determine carbon species in a CO2 loaded MEA solution by calculating molar scattering factor 
106 while (Idris et al., 2014) used area under a Raman peak to develop calibration curves. Raman 
107 spectroscopy for real-time quantitative analysis was demonstrated in a laboratory rig operation 
108 for MEA solvent by Jinadasa et al., (2017). A comparison of Raman method with infrared 
109 spectroscopy was presented by Puxty et al., (2016) while Kachko et al., (2016b) compared 
110 Raman, near infrared, and Fourier-transform infrared for in-line monitoring of CO2 capture 
111 plants. The above cited literature reveals the capability of Raman method for monitoring the 
112 concentration profiles in real-time applications.
113
114 There is not much published data on the use of Raman Spectroscopy as a real time plant 
115 monitoring and optimization tool. This study supports the use of this technique in two aspects. 
116 Firstly, it demonstrates the reliability of the spectroscopic method for faster and precise 
117 measurements in a variety of process conditions by comparing the Raman measurements with 
118 standard offline analytical results. Secondly, it provides evidence for the response of CO2 
119 absorption and desorption process on steady and dynamic process conditions and its sensitivity 
120 thus proving the capability of Raman spectroscopy to be used as a tool to increase process 
121 understanding, optimization and control. Trials for this study were performed as a three day-
122 campaign at UKCCSRC Pilot-scale Advanced CO2 Capture Technology (PACT) Facility, 
123 Sheffield, UK. The trends in key plant variables capture efficiency, temperature profiles and 
124 emission measurements are presented and discussed with respect to Raman measurements. To 
125 the author’s knowledge, in open literature, no one has analyzed the capture process performance 
126 with parametric changes in relation to Raman Spectroscopy measurements in as detail as 
127 presented in this paper. 

128 A Raman measurement is a spectrum which shows the Raman scattering intensity as a function 
129 of the frequency shifts. This intensity depends on the vibrational, rotational and other low 
130 frequency transitions in molecules when excited by a laser. Calibration is required to convert 
131 the indirect Raman measurement into a useful information such as a concentration of chemical 
132 specie in a system. There are two types of calibration approaches which are univariate analysis 
133 and multivariate analysis. A chemometric based multivariate approach was used in this study 
134 to convert raw Raman spectra into concentration values because this method is more robust 
135 than the traditional univariate analysis (Esbensen, 2010). The process of instrument calibration 
136 to fit for a plant operation is an extensive process and therefore is presented as the second part 



4

137 of this paper in a different publication titled as “Raman Spectroscopy for Real-Time Monitoring 
138 of CO2 Capture Process;  Part 2: Multivariate Calibration”.

139 2. Methodology
140 2.1. Description of CO2 capture pilot plant

141 The PACT Core Facilities in Sheffield, UK is intended for commercial and academic research 
142 enabling users to develop and demonstrate technologies before moving to large-scale trials. A 
143 solvent-based carbon capture plant is directly connected to PACT combustion facilities which 
144 is capable of capturing one ton of CO2 per day from an equivalent of approximately 150kW 
145 conventional coal combustion flue gas.

146 A simplified flow diagram of the plant is shown in Figure 1. Specification of the pilot plant 
147 used for these tests are given in Table 1. The plant has full absorption and desorption cycle and 
148 is equipped with absorber, stripper, reboiler, cross exchanger, carbon filter and water wash. Its 
149 gas pre-treatment section can be used either as Flue Gas Desulphurisation (FGD) or Direct 
150 Contact Cooler (DCC). The plant has an activated carbon filter to remove some of the 
151 degradation products from the solvent. Temperatures of flue gas and lean solvent entering the 
152 absorber are controlled. The absorber has 6.5m structured Mellapak CC3 packing while stripper 
153 is packed with 7.5m of IMTP25 random packing. Absorber and stripper temperature profile 
154 along the height of the columns is measured by 8 and 5 RTDs, respectively. Gas analysis are 
155 performed at 5 different locations in the plant. Sampling lines are located at the FGD inlet, 
156 absorber inlet, water wash inlet and outlet, and stripper outlet. Gasmet DX4000 FTIR is used 
157 for gas analysis which sequentially detects samples from each of the locations. The sequence 
158 and sampling time is user defined and can be changed in the FTIR software as and when 
159 required. Stripping is performed in the reboiler supplied with pressurized hot water (PHW) 
160 generated by electrical heating. The PHW has a bypass to control the flow rate through the 
161 reboiler or bypassing it. A pneumatically driven 3-way valve is used for this purpose. The 
162 energy used for stripping is calculated by measuring the flow rate, inlet and outlet temperatures 
163 of the PHW. Stripper pressure is controlled automatically to a user defined set point. The plant 
164 uses two different data logging systems. National Instruments PXi system is used to log most 
165 of the data from the plant while Allen Bradly PLC is used to control the plant and log relevant 
166 data. 

167 Table 1: Absorber and stripper specifications

Specifications Absorber Stripper Water wash
Diameter (mm) 300 300 300
Packing name Mellapak CC3 IMTP25 IMTP25
Packing type Structured Random Random
Packing height (m) 6.5 7.5 7.5
Temperature measurements 10 9 -

168

169 The Raman spectra were obtained by Kaiser RXN2 multi-channel 785 nm spectrometer with 
170 400mW maximum laser power. Two Raman immersion optic probes (1/4″ diameter, 6″ length, 
171 short focused, sapphire window) were directly connected to lean and rich amine process lines 
172 at PACT amine plant as shown in Figure 1. iC Raman 4.1 software was used to acquire Raman 
173 signals maintaining approximately 1-minute interval during each measurement. Each spectra 



5

174 were exported to Matlab 2017 for preprocessing. Locations of Raman measurements were 
175 selected to reasonably represent lean and rich stream solvent concentrations. Distances from 
176 the nearest manual sampling points to the lean and rich Raman probes were 120 cm and 106 
177 cm respectively. 

178

179

180 Figure 1: Simplified plant layout with raman probe locations 

181 The accuracy of the real-time predictions were argued by comparing their values with offline 
182 liquid sample analysis and their sensitivity to process conditions. Offline liquid analysis were 
183 performed to determine CO2 loading and amine concentration as described in Akram et al. 
184 (2016). Mettler Toledo T90 auto-titrator was used to perform acid-base titration where HCl 
185 (0.2M) was used to determine total amine concentration and NaOH (0.5M) was used to 
186 determine CO2 concentration. Uncertainties in the titration procedure were determined by 
187 preparing a solution of MEA (nominal concentration 29.4%) and loading to 8.04% CO2 by 
188 weight gravimetrically by bubbling CO2 through it. Three samples from MEA solution thus 
189 prepared were then titrated using the titration apparatus to measure MEA concentration and 
190 CO2 loading. The average uncertainty in the loading measurements was found to be +/- 3.15%. 
191 This procedure is similar to the previously reported method by Tait et al. (2018). 

192 Gas composition was measured by two FTIR instruments, one was used to consistently measure 
193 gas composition at the outlet of the absorber, while the other was used to measure gas 
194 composition at the inlet of the absorber but was also used to measure at other plant locations 
195 from time to time.  The gas samples are extracted from the plant using isokinetic sampling 
196 probes and routed to the FTIR through heated filters, heated sampling lines and heated cabinet 
197 housing solenoid for sample switching. The entire sampling system was heated up to 180 ⁰C to 
198 avoid condensation.

FTIR

FTIR
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199 For the first two test campaigns air with CO2 injection was used as flue gas.  During the last 
200 test, flue gas from coal combustion was used. The coal flue gas was not passed through FGD 
201 so had high concentrations of SO2.  Presence of SO2 in the flue gas results in faster degradation 
202 of solvent. The aim of this tests was to investigate if Raman Spectroscopy measurements are 
203 influenced by solvent degradation.  The tests were performed with 30% MEA which had been 
204 used for 10 days with normal plant operation. The solvent was transparent in appearance by the 
205 time of first use.

206 2.2 Selection of process variable matrix  

207 The tests were divided into three campaigns. 

208 1. Absorption-desorption
209 2. Process variations
210 3. Coal flue gas

211 Details of the three test campaigns are given in the following sections.

212 2.2.1 Absorption-desorption:

213 The aim of the absorption-desorption test campaign was to check the accuracy of the predictions 
214 by Raman spectroscopy throughout a complete absorption and desorption cycle, and observing 
215 whether the two Raman sensors can generate identical results when measuring the same sample. 
216 The test was divided into two phases, absorption and desorption, so that during the absorption 
217 process there was no desorption and vice versa. The conditions for the test (Tests 1 & 2) are 
218 given below, in Table 2.

219 Table 2: Conditions for absorption-desorption test

Absorption Desorption
Test 1 Test 2

Parameter Value Unit Parameter Value Unit
Flue gas flow rate 210 m3/h Flue gas flow rate NA m3/h
CO2 concentration 12 v/v% CO2 concentration NA v/v %
Solvent flow rate 900 kg/h Solvent flow rate 900 kg/h
Stripper pressure NA bar Stripper pressure 0.6 bar
PHW set point NA ⁰C PHW set point 128 ⁰C
PHW flow rate NA m3/h PHW flow rate 9.8 m3/h

220

221 2.2.2 Process variations:

222 During these tests, the CO2 capture plant was operated with full absorption and desorption cycle 
223 and the Raman spectroscopy predictions were monitored. Operational conditions, given in 
224 Table 3, were varied to investigate the response of Raman instruments against these variations. 
225 Solvent flow rate, gas flow rate and CO2 concentrations were changed. The test was started 
226 with around 190 m3/h gas flow with 5% CO2 concentration, 600 kg/h solvent flow (Test 3). 
227 CO2 concentration was increased to 12% for the Test 4. Solvent flow rate was increased to 1000 
228 kg/h and 1200 kg/h for the Test 5 and Test 7, respectively. Flue gas flow rate was reduced to 
229 150 m3/h for the Test 6. Operational data was recorded throughout the test period and manual 
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230 samples for rich and lean solvent were collected for bench analysis at 30 minute intervals during 
231 this test campaign. 

232

233 Table 3: conditions for process conditions variation tests

Parameter Value Units Parameter Value Units
Test 3 Test 4

Flue gas flow rate 193 m3/h Flue gas flow rate 193 m3/h
CO2 concentration 5 v/v % CO2 concentration 12 v/v %
Solvent flow rate 600 kg/h Solvent flow rate 600 kg/h
Stripper pressure 0.4 barg Stripper pressure 0.4 barg

Test 5 Test 6
Flue gas flow rate 193 m3/h Flue gas flow rate 150 m3/h
CO2 concentration 12 v/v % CO2 concentration 12 v/v %
Solvent flow rate 1000 kg/h Solvent flow rate 1000 kg/h
Stripper pressure 0.4 barg Stripper pressure 0.4 barg

Test 7
Flue gas flow rate 150 m3/h Solvent flow rate 1200 kg/h
CO2 concentration 12 v/v % Stripper pressure 0.4 barg

234

235 2.2.3 Coal flue gas:

236 For the first two test campaigns air with CO2 injection was used as flue gas. The main idea of 
237 this test was to investigate if the spectrometer can accurately predict CO2 loadings if solvent is 
238 degraded by the presence of SO2 in flue gas. For this purpose flue gas from a coal fired 
239 combustor was fed to the CO2 capture plant absorber. 

240 The flue gas was generated by burning bituminous El Cerrejon coal in the 250 kW PACT 
241 air/oxy-fired CTF (Combustion Test Facility), operated in air-firing mode. The furnace 
242 chamber is cylindrical in shape, 0.9 m in diameter and 4 m long, and it is fitted with a scaled 
243 version of a Doosan Babcock Mark III Low-NOx burner in a down firing arrangement. The flue 
244 gas produced was passed through a cyclone and then a high temperature candle filter for 
245 particulate removal before a slip stream of it was introduced into the CO2 capture plant. 

246 The capture plant has a gas pretreatment section which can be employed as FGD for removing 
247 Sulphur but for these tests FGD was deliberately not operated in order to send SO2 to the capture 
248 section to accelerate solvent degradation. Carbon filter was also totally bypassed during this 
249 test campaign for the same reason. The average concentration of SO2 in the flue gas entering 
250 the absorber was around 210ppm. However, due to short duration of the test, a considerable 
251 colour change in the liquid samples, which is an indication of solvent degradation, could not be 
252 observed. Conditions for the test are given in Table 4. The following measures were adopted to 
253 accelerate solvent degradation.

254  Flue gas with 210ppm of SO2 was fed into the absorber
255  Lean solvent temperature was increased to 55 ⁰C
256  Stripper pressure was increased to 0.6 barg to heat up the solvent to a higher temperature
257  PHW set point temperature increased to 133 ⁰C
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258 Due to a plant trip and some sump level instability in the absorber sump, the PHW temperature 
259 set point, lean solvent temperature set point and stripper pressure set point were adjusted to 128 
260 ⁰C, 50 ⁰C and 0.4 barg, respectively. 

261

262 Table 4: Test conditions for coal flue gas

Parameter Value Units Parameter Value Units
Test 8 Test 9

Flue gas flow rate 200 m3/h Flue gas flow rate 200 m3/h
CO2 concentration 12.7 v/v % CO2 concentration 12.7 v/v %
SO2 concentration 210 ppm SO2 concentration 210 ppm
Solvent flow rate 1000 kg/h Solvent flow rate 1000 kg/h
Stripper pressure 0.4 barg Stripper pressure 0.6 barg
Lean solvent temperature 40 ⁰C Lean solvent temperature 55 ⁰C
PHW set point 128 ⁰C PHW set point 133 ⁰C

Test 10
Flue gas flow rate 200 m3/h Solvent flow rate 1000 kg/h
CO2 concentration 12.7 % Stripper pressure 0.4 barg
SO2 concentration 210 ppm Lean solvent temperature 50 ⁰C
PHW set point 128 ⁰C

263
264 3. Results and Discussion 

265 The results of the three test campaigns are presented in four sections. In section 3.1, real-time 
266 Raman predictions are compared with titration measurements. The next three sections discuss 
267 the plant trends and how effectively the real-time monitoring tool can correlate to the plant 
268 performance during the three test campaigns. 

269 3.1. Raman model predictions with titration measurements

270 The reaction between CO2 and MEA is complex and there is still a controversy regarding it’s 
271 detailed understanding (Xie et al., 2010). However, in Raman spectroscopic point of view, it 
272 should be possible to identify the fate of reactants and products according to the behavior of 
273 peaks corresponding to Raman active vibrational modes. The reactant-product pool of MEA-
274 CO2-H2O system contain carbon ion species as carbonate, bicarbonate, carbamate and amine 
275 species as protonated amine and unreacted amine. These chemical species show their 
276 identification in different wavelength areas of a Raman spectrum (Jinadasa et al., 2017). The 
277 region from 767-1525 cm-1 was used to determine the CO2 loading for the study because this 
278 region is rich with vibrational modes related to carbon species. Figure 2 shows Raman spectra 
279 obtained during the test with process variations. The raw Raman measurements (Figures 2a, 2b) 
280 show different baseline drifts but once they are baseline corrected and scaled, their spectral 
281 variations in the fingerprint region become easy to identify the chemical components as can be 
282 seen in Figure 2c. The upward arrows in Figure 2 indicate the chemical species (carbonate, 
283 bicarbonate, carbamate and protonated amine) as their concentrations increase with increasing 
284 CO2 loading, while the downward arrows point to a vibrational band of free MEA which yields 
285 lower concentration as the CO2 loading is increasing.  
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286 The fingerprint area of baseline corrected Raman spectra was used to determine CO2 loading 
287 after applying multivariate calibration approach. The initial regression model development can 
288 be found in (Jinadasa, 2019) and the path of how it modified to the PACT plant operation is 
289 described in the second part of this paper. 

Real-time measurements during process variation test

Figure 2. Real-time measurements acquired from Raman probe connected to rich stream during the test campaigns; (a ) 
Raw Raman measurements in the wavelength region 100-3426 cm-1 ; (b) Raw Raman measurements in the wavelength 
region 1000-1500 cm-1;(c) Baseline corrected and scaled Raman measurements in the wavelength region 1000-1500 cm-1 ; 
arrows in the plot (c) indicate Raman intensities of vibrational bands related to different species present in the system 
which vary according to different CO2 loading values –arrow up: increasing intensity with increasing CO2 loading; arrow 
down = decreasing intensity with increasing CO2 loading

290

291 3.2 Campaign 1 – Absorption and desorption 

292 The campaign was divided into two separate tests, one each for absorption and desorption. This 
293 section presents results of the absorption and desorption tests, separately. In order to avoid 
294 confusion, it is essential to clarify here that rich loading refers to the measurement at the outlet 
295 of the absorber and lean loading refers to the measurement at the outlet of the reboiler, 
296 regardless of whether the absorption/desorption process was in operation or not. 

297 Please note that for these tests steady state conditions were not achieved as there was no 
298 stripping during absorption and vice versa. Steady state is normally defined by the steady CO2 
299 concentrations at the absorber outlet. However, it was not possible to achieve this condition 
300 during these tests.

301 3.2.1. Absorption:

302 Conditions for this test were, 900 kg/h solvent flow and 210 m3/h flue gas with 12% CO2. To 
303 calculate real time CO2 capture efficiency, two FTIR instruments, at the inlet and outlet of the 
304 absorber, were used to measure CO2 concentration in the flue gas. The plant was operated in 
305 absorption mode until the CO2 concentration in the flue gas leaving the absorber was almost 
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306 equal to that entering the absorber, which indicated that the solvent was approaching its 
307 maximum CO2 loading under the conditions of the test. 

308 During absorption, there was no supply of PHW to the reboiler so the absorber was the only 
309 location where process changes happened. Theoretically, under this scenario, rich solvent 
310 coming out from the absorber bottom should have the same CO2 loading as that leaving from 
311 the bottom of the desorber/reboiler. However, in reality, due to the plant configuration this was 
312 not the case. The reboiler is a shell and tube heat exchanger, having solvent on the shell side, 
313 which contains most of the solvent inventory, around 90%, of the plant. Rich solvent coming 
314 from the absorber mixes with the solvent already in the reboiler and gets diluted so the loading 
315 in both the rich and lean is expected to be different depending upon the operational conditions. 

316 Rich and lean solvent loadings as measured by Raman probes and titrations are presented in 
317 Figure 3. Solid lines are representing continuous measurement by Raman Spectroscopy while 
318 point values are representing titration data. Due to the close proximity of manual sampling 
319 points and Raman probes, circulation times between them for both the rich and lean solvent 
320 streams were less than 5 seconds for all the flow conditions tested. In an ideal situation, for 
321 comparison, manual samples should be taken at the exact same time as the Raman sensor 
322 updates its output, but it is not possible to time it exactly. 

323 As the solvent was used in previous tests, it had some unstripped CO2 in it so these teste were 
324 started with a lean solvent. After starting solvent circulation, samples were taken for titration 
325 from both lean and rich solvent streams before the introduction of flue gas. These measurements 
326 indicated that, before starting the test, the lean and rich solvent streams had CO2 loading of 
327 0.1419 mol/mol and 0.1534 mol/mol. After starting solvent circulation, synthetic flue gas was 
328 introduced to the absorber, causing the rich solvent loading to increase. This highly loaded 
329 solvent then mixed with the lean solvent in the reboiler sump. Therefore, lean loading is always 
330 lower than the rich loading, also increment in lean loading is more gradual while that in rich 
331 loading is relatively sharper, see Figure 3. 

332
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334 Figure 3: Comparison of CO2 loadings measured by Raman spectrometer and titrations 

335 Figure 3 shows that there is a good agreement between titration data and the Raman predicted 
336 values in the whole operation range. During the absorption cycle, the average Raman prediction 
337 error was reported as +/-0.009 mol/mol loading by the multivariate model. This concludes that 
338 through the Raman prediction curves, it is now possible to discuss and comment on the 
339 absorption performance under various process conditions. 

340 As soon as the flue gas was introduced to the absorber, the rich Raman measurement showed 
341 an increment in the CO2 loading while the lean Raman measurement took some time to show 
342 the same concentration due to the reasons explained above. Lean loading reached a value of 
343 0.44 mol/mol after around 37 minutes of rich loading. These findings are similar to those 
344 demonstrated in Tait et al. (2018) where time to fully mix the contents of the absorber and 
345 reboiler for this plant was found to be 37-38 minutes using conductivity probes, one each at the 
346 inlet and outlet of the absorber and stripper. This test also proves that the Raman spectroscopy 
347 can be used to determine the solvent circulation times inside the plant. 

348  Absorber temperature profile:

349 Figure 4 plots the temperature profile inside the absorber. The temperatures are plotted against 
350 time for different locations along the height of the absorber starting from the bottom of the 
351 packing. When flue gas is initially fed to the absorber, temperatures at the bottom of the 
352 absorber increased sharply in comparison to those further up in the column. This implies that 
353 lean solvent first comes in contact with the flue gas at the bottom. However, after some time, 
354 temperatures in the middle of the column increased sharply as compared to those at the bottom 
355 and top. Moreover, the temperature bulge is observed at 2/3rd of the packing height, indicating 
356 the maximum reaction point. These observations coincide with rich CO2 loading measurements 
357 by Raman Spectroscopy, plotted on the same graph. The Raman predictions of the CO2 loading 
358 in the rich amine stream is increased drastically until the temperature profile inside the absorber 
359 reaches its maximum. The temperatures started to decrease as the gradient of the increment in 
360 CO2 loading in the rich amine stream was decreased. This is due to the temperature dependency 
361 and exothermic nature of the CO2 absorption process. As the difference between the lean and 
362 rich loading is decreased, proportionally the temperatures inside the absorber also drop. This 
363 absorption test confirms that both Raman probes measurements in lean and rich streams were 
364 able to follow the absorption phenomenon. 

365 Capture efficiency:

366 Concentration of CO2 in the inlet gas was fixed at 12%. Concentration of CO2 in absorber exit 
367 gas increased gradually from below 1% to close to 12%.  Figure 5 plots CO2 capture efficiency 
368 against time during the absorption process. As can be witnessed from the plot, at the start of the 
369 test, capture efficiency was around 97% and it remained almost steady for about 14 minutes, at 
370 which point it dropped sharply and steadily to below 20% within one hour. As solvent was not 
371 being stripped, its loading capacity gradually reduced and reached a point where there was no 
372 further absorption i.e. concentration of CO2 in the gas leaving the absorber was approximately 
373 the same as that entering the absorber. 

374

375
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377 Figure 4: Absorber temperature profile during absorption cycle (Temperature measurements 
378 locations are measured from the bottom of packing)
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380 Figure 5: Capture efficiency change with time during absorption
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381 The Raman measurements plotted on the same graph also show the same trends. At the 
382 beginning both of the loadings were almost the same. Then, rich loading started to increase 
383 sharply as flue gas was introduced. Lean loadings started to increase with some delay caused 
384 by the solvent inventory in the reboiler sump. Raman measurements indicate that difference 
385 between rich and lean loadings was quite high for around 45mins of the test period and then 
386 started dropping as capture efficiency reached below 55%. Towards the end of the absorption 
387 test, both of the loadings again become closer to each other towards the rich loading limit of 
388 the solvent. 

389 As CO2 injection rate is controlled separately and is not directly linked to concentration of CO2 
390 in the flue gas, at around 70 minutes, CO2 concentration dropped to 11% due to some process 
391 issues. Due to this reason the capture efficiency plot shows an increase at this time.  

392 Emissions:

393 Figure 6 shows emissions of MEA and ammonia during the absorption process. MEA emissions 
394 were observed to be very high at the start, then reduced to almost zero after 13 minutes and 
395 remained low throughout the test. The initial high level of MEA was thought to be due to the 
396 start of the process. At the start solvent is very lean and reaction rate between MEA and CO2 is 
397 relatively higher. Higher rate of reaction can result in higher rate of degradation and thus can 
398 be the cause of higher MEA evaporation from the absorber. However, most of the MEA carried 
399 over with the flue gas from the absorber was removed by water wash. The FTIR instrument is 
400 installed on upright pipe so there is a U-bend just before the measurement. The carried over 
401 water and solvent from the absorber tend to condensate and accumulate in the U-bend. A drain 
402 is provided at this point which feeds condensate back to the absorber. However, sometimes the 
403 U-bend does not drain fully and result in flash of the condensate into the sampling point filter 
404 resulting in increased MEA point measurements. The occasional peaks of 20-30 ppm of MEA 
405 observed in Figure 7 are due to this phenomenon. 

406 Degradation of MEA during the cyclic operation is a significant problem. Knudsen et al. have 
407 reported a loss of MEA of 2.4 kg per ton of CO2 captured [Knudsen et al. 2007]. The 
408 degradation can happen by two mechanisms. Thermal degradation occurs at stripper conditions, 
409 high temperature and abundance of CO2 [Rochelle, 2012, Kohl and Nielsen, 1997]. Oxidative 
410 degradation occurs at lower temperature and in the presence of oxygen.  These conditions are 
411 available in the absorber. It is thought that oxidative degradation is dominant degradation 
412 pathway for MEA [Da Silva et al. 2012, Lepaumier et al. 2011].   Leonard et al. [26] proposed 
413 a model for oxidative degradation described the following over all reaction. 

414 MEA + 1.3 O2 → 0.6 NH3 + 0.1 HEI + 0.1 HEPO + 0.1 HCOOH + 0.8 CO2 + 1.5 H2O

415 The reaction indicates that Ammonia is the main degradation product which exits with the flue 
416 gas. It is essential to monitor the emissions of ammonia during the process to assess 
417 environmental burden of the process. Ammonia emissions started at a value of around 30ppm 
418 and peaked at 67ppm. After this the emissions started decreasing and become very low to a 
419 value of below 10ppm. The emissions seem to follow the absorption phenomenon as can be 
420 observed from rich and lean loadings as measured by Raman probes. Ammonia emissions 
421 increase at the start due to increase in loading due to absorption of CO2, reaches a peak value 
422 and then start decreasing due to drop in reaction rate. The similar phenomenon is followed by 
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423 Raman measurements indicating that Raman Spectroscopy can be employed to monitor process 
424 variations in CO2 capture plants. 
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427 Figure 6: Emissions of MEA and Ammonia (NH3) during absorption process
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429 Figure 7: Comparison of CO2 loadings during desorption measured by Raman spectrometer 
430 and titrations 

431
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432  3.2.2. Desorption 

433 After completion of the absorption cycle, flue gas was turned off and desorption cycle was 
434 started by supplying pressurized hot water to the reboiler. The aim of this desorption cycle test 
435 is to monitor the predictive capacity of Raman instrument during a complete desorption cycle 
436 in which CO2 is stripped from saturated solvent. Figure 7 shows the comparison of Raman 
437 predictions in rich and lean solvent streams with respect to the titration measurements. Both 
438 rich and lean loadings start dropping after some time of starting the desorption cycle. The delay 
439 was due to the time taken for the solvent to heat up. Both of the loadings drop due to CO2 being 
440 stripped from the solvent but no absorption due to stoppage of flue gas to the absorber. Both 
441 the rich and lean Raman measurements are high than the titration data. This may be due to the 
442 same model being used to predict both of the data sets. 

443 Similar to the absorption cycle, during the entire desorption phase, the inline Raman predictions 
444 show good agreement with the offline measurements by conventional titration methods. 
445 However, during desorption cycle rich and lean loadings are closer to each other as compared 
446 to absorption cycle. This is due to less solvent inventory in the absorber, only 10% of the total 
447 plant inventory. Lean solvent from desorber mixes with the solvent in the absorber sump and 
448 thus loading changes. 

449 Temperature distribution in the stripper:

450 The stripper temperature profile is plotted against time alongside CO2 loading measurements 
451 by Raman probes, in Figure 8. The Fig shows that temperatures throughout the stripper column 
452 are identical throughout the test. The temperatures increase linearly at the start of the PHW 
453 supply until reaching a peak value before becoming steady. Total time for stripping was 
454 calculated to be 3:20 hrs. The figure also shows that Raman measurements follow the 
455 desorption process. Plot indicates that both rich and lean Raman measurements became closer 
456 after stopping absorption due to continued circulation as stripping was not started for a while 
457 even after PHW flow was started. Both the rich and lean loadings started dropping as the solvent 
458 heated up to the stripping temperature. The stripping rate was very high as column temperatures 
459 increase above 80 ⁰C. This is marked by a rapid drop in both rich and lean loadings for around 
460 1.5 hrs, after which the stripping rate dropped and loadings did not change as much. Both of 
461 the Raman probes followed the same trend with rich probe measurements are little higher than 
462 the lean ones due to mixing with rich solvent in the absorber sump. The stripping process was 
463 stopped by ceasing PHW supply to the reboiler when Raman measurements dropped to around 
464 0.15 as it is not worth striping to lower loadings as it can result in dramatic increase in reboiler 
465 duty.

466
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467

468 Figure 8: Stripper temperature profile during desorption process

469 Emissions:

470 During the desorption cycle the stripper outlet CO2 stream was monitored via FTIR analyzer. 
471 Concentration of MEA in the CO2 stream is plotted against time in Figure 9. After 43 mins of 
472 opening the pressure control valve MEA emissions reached a peak value of 55 ppm and then 
473 started dropping. 

474 Similar phenomenon was observed during absorption, where MEA emissions were higher at 
475 the start, then dropped as the process progressed indicating that solvent emissions are higher at 
476 the start of the process and then decrease as the process moves towards steady state. In the case 
477 of desorption, pressure control valve stays closed until pressure is built up to the set point. In 
478 Figure 9 for example the valve started opening at 65 mins. Up to this point any condensation of 
479 MEA is accumulated behind the control valve. The accumulated MEA leaves with the product 
480 gas when the pressure control valve opens. This is the reason the MEA emissions increased first 
481 then dropped to around 10 ppm. A steady test on this plant usually takes around 3-5 hrs 
482 depending upon the parametric changes. MEA emissions with the product gas during this period 
483 under the test conditions are estimated to be around 2 g. 

484 Raman measurements for lean loading are also plotted in Fig 9. The plot indicates that MEA 
485 emissions start to increase as stripping process started as indicated by drop in loadings measured 
486 by Raman probes. Emissions started to drop as stripping process became slower and loadings 
487 dropped to lower values. 

488
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490 Figure 9: MEA emissions during stripping process 

491 3.3 Tests with process conditions variations 

492 During these tests, process conditions were varied. The test was started with 600 kg/h solvent 
493 flow and 193 m3/h gas flow with 5% CO2 concentration (Test 3). The process parameters varied 
494 during the trial were increase/decrease in flue gas flowrate, CO2 content (%vol) of the flue gas 
495 and solvent flow rate. Figure 10 shows the comparison of the rich and lean Raman 
496 measurements with the manual titration values. The rich and lean loadings first increase and 
497 then decrease without any process changes. This is due the fact that when the flue gas feed is 
498 started, solvent is lean. After the flue gas start up solvent starts absorbing CO2, loadings start to 
499 increase but after some time when the solvent in the stripper is hot enough for stripping, the 
500 loadings start to drop.

501 The rich loading reached a maximum value of 0.44 mol/mol after CO2 concentration was 
502 changed from 5% to 12%, (Test 4) while the lean loading remained between 0.108 mol/mol and 
503 0.229mol/mol during the entire test campaign. The figure shows that rich Raman measurements 
504 have better fit with the titration data as compared to lean Raman measurements. 

505 The impact of step changes in these parameters is more significant on the rich loading than that 
506 on the lean loading. The impact of process variations on the lean loading is delayed and 
507 dampened by dilution and mixing effects due to high solvent inventory in the reboiler. 
508 Therefore, it takes some time for the process changes effecting the rich solvent to be reflected 
509 in the lean solvent. 

510 In the lean stream, the deviation of Raman measurements with respect to the titration results is 
511 higher as compared to that in the rich stream. This could be, due to the noise from new 
512 immersion probe and the new fibre optic cable connected to the lean stream. The multivariate 
513 model used in this study was developed from calibration and validation using the same 
514 immersion optic probe and fibre optic cable which were connected to the rich stream.  
515 Therefore, the instrument related noise from rich measurements are already accounted for in 
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516 the calibration model, whereas those from lean measurements are not encompassed. The 
517 deviation between the lean Raman measurements and lean titration values can be reduced by 
518 updating the existing calibration model by including new calibration samples from this PACT 
519 test campaign (Jinadasa, 2019). 

520 Figure 11 plots process variations alongside loadings data. The plot shows changes in CO2 
521 loadings as measured by Raman probes with respect to change in CO2 concentration in the flue 
522 gas. As the CO2 concentration was changed from 5 to 12%, rich loading increased rapidly from 
523 around 0.26 to 0.44 mol/mol. Lean loading increased steadily following a delay due to 
524 circulation times and mixing in the reboiler tank.
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527 Figure 10: Comparison of Raman measurements and titration results for process variations

528

529 Figure 11 also plots solvent flow rate variations alongside Raman measurements against time. 
530 The tests were started at 600kg/h solvent flow rate, which was changed to 1000 kg/h and 1200 
531 kg/h during the course of the tests. As the solvent flow was increased from 600 to 1000 kg/h, 
532 Raman probe shown a sharp drop in rich loading, from 0.42 mol/mol to 0.33 mol/mol, then 
533 started increasing slowly. Lean loading measured by lean Raman probe also shown a slight drop 
534 and then started increasing slowly, lean amine loading increased from 0.148 to 0.179 mol/mol 
535 as the solvent flow rate was increased. As a result of increase in solvent flow rate, residence 
536 time in the reboiler decreased, resulting in drop in degree of stripping as the PHW supply 
537 conditions to the stripper remained the same. Due to increase in lean loading, rich loading also 
538 started increasing as absorber was receiving solvent with relatively higher lean loading.

539
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541 Figure 11: Change in rich and lean loading with parametric variations

542 A similar phenomenon was observed when solvent flow rate was further increased to 1200kg/h. 
543 The rich Raman probe shown a drop in rich loading while lean Raman probe indicated a gradual 
544 increase in lean loading.

545 Figure 11 also plots variation in flue gas flow rate alongside Raman measurements against time. 
546 When flue gas flow rate was dropped from 190 m3/h to 150 m3/h, drop in rich loading was 
547 recorded by rich Raman probe. Lean Raman probe also shown a drop in lean loading at this 
548 point because solvent entering into the stripper was less loaded and due to stripper conditions 
549 unchanged, solvent leaving the stripper was also less loaded, although not proportionately.

550 Results indicate that even though there were several different process changes happening over 
551 a relatively short period of time, the Raman prediction model managed to observe the small 
552 changes in solvent loading and agreed well with titration results.

553 Capture efficiency:

554 Capture efficiency is also plotted, against time, in Figure 11 alongside rich loading as measured 
555 by Raman probe. It can be seen from the plot that the capture efficiency was relatively higher, 
556 averaging around 95%, when 5% CO2 concentration flue gas fed into the absorber. When the 
557 CO2 concentration was increased to 12%, capture efficiency dropped to around 85%. During 
558 this test rich Raman measurements recorded a considerable increase while capture efficiency 
559 dropped indicating that the solvent did not have much capacity left in it to absorb a step in 
560 change in CO2 concentration from 5% to 12%. Therefore, solvent flow was increased in the 
561 following test to increase solvent capacity. In this case, capture efficiency increased back to 
562 above 95% and rich loading dropped. Similar phenomenon can be observed for tests 6 and 7, 
563 where flue gas flow was decreased to 150 m3/h and solvent flow rate was increased to 1200 

Solvent flow 
1200 kg/h

Solvent flow 
1000 kg/h

CO2 12%

Gas flow 
150 m3/h
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564 kg/h, respectively. In both cases capture efficiency increased but rich loading decreased due to 
565 increase in solvent capacity as result of increase in L/G ratio. 

566 Absorber temperature profile:

567 Absorber temperature profile is plotted against time along the absorber height form the bottom 
568 of the packing alongside Raman measurements in Figure 12. The temperature profiles at 
569 different times indicate the effect of changes in operational parameters on the profile. It can 
570 also be noted that the temperature profiles vary proportionally to the Raman measurements for 
571 rich CO2 loadings. The location of the peak (bulge) temperature in the absorber, varied with 
572 variations in process parameters. 

573 At low CO2 concentration of 5% v/v (Test 3), the highest temperature (57 ⁰C) was recorded just 
574 above the middle of the column, between 3.6m and 4.3m from the bottom of the packing. The 
575 top temperature measurement shown the lowest reading during this test due to most of the 
576 reaction happening in lower part of the column and relatively cold lean solvent entering from 
577 the top. 

578 As the CO2 concentration was increased from 5% to 12% (Test 4), bottom two temperature 
579 measurements recorded a drop in temperature while rest of the six measurements recorded an 
580 increase.  The bulge temperature increased by 11 ⁰C to 68 ⁰C as the concentration was increased 
581 to 12%. However, temperature at the bottom (1.5m) of the column dropped. Capture efficiency 
582 dropped from above 95% for Test 3 to around 85% for this test due to the reason that solvent 
583 flow rate is too low to absorb any more CO2.  

584
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586 Figure 12: Changes in absorber temperature profile and Raman measurements with variations 
587 in operational parameter

588 It can be witnessed from the plot that rich Raman probe recorded a sharp increase in rich loading 
589 at this point which indicated that the Raman measurements followed the process. The bulge 
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590 also shifted up in the column, between 5m and 5.6m, as the CO2 concentration was increased 
591 to 12%. However, in this case the lowest temperature was recorded at the bottom of the column 
592 rather than at the top as in the case of 5% CO2. This is because most of the reaction happened 
593 towards the top of the column and incoming lean solvent was heated by the outgoing, relatively 
594 hot gas.

595 The poor performance of the absorber in this test could be due to the combination of the 
596 following two reasons.

597 1. Solvent flow of 600 kg/h is too low for the absorption of CO2 from the flue gas under 
598 these operational and absorber design conditions. 
599 2. The top of the absorber has pinched performance i.e. there is virtually no driving force 
600 for absorbing any more CO2. The phenomenon is referred to as chemical equilibrium 
601 pinching [Brigman et al. 2014] i.e. if lean loading is not sufficiently low (solvent does 
602 not have sufficient capacity), CO2 equilibrium partial pressure in the lean stream 
603 entering the absorber is close to the partial pressure of CO2 in the gas leaving at the top 
604 of the absorber. Under these conditions, mass transfer will drop in the upper section due 
605 to lower mass transfer driving force available. In order to avoid such a situation, lean 
606 loading should be dropped by increasing stripper temperature. 

607 The bulge temperature further increased to 73 ⁰C as the solvent flow rate increased to 1000kg/h 
608 (Test 5) indicating an increase in absorption rate. However, the location of the bulge 
609 temperature shifted downwards to 4.3m location. Again, the lowest temperature was recorded 
610 at the top of the column due to shift of the reaction towards the lower part of the column. This 
611 argument is also justified by around 15 ⁰C increase in temperature at the bottom of the column 
612 due to relatively hot solvent flowing down to the lower section of the column. 

613 The bulge temperature stayed almost the same at 73 ⁰C when flue gas flow rate was dropped to 
614 150 m3/h (Test 6). It is interesting to note here that the cold part at the top of the column 
615 elongated and second last temperature probe (5.6m) also measured temperature lower than the 
616 bottom of the column. The bottom temperature further increased to close to the one measured 
617 at 5.3m. Another interesting phenomenon noted here is that bottom 6 measurements are closer 
618 as was the case in Test 3 while Tests 4 and 5 shown wider scattered temperature distribution.   

619  As the solvent flow rate was increased to 1200 kg/h (Test 7), absorber temperatures shown an 
620 interesting phenomenon. Bottom three temperatures shown an increase while rest of them 
621 shown a drop. It is interesting that bottom four measurements recoded higher temperatures than 
622 the top four. For the first time the bulge temperature recorded was in the lower half section of 
623 the packing, at 2.9m, indicating that the reaction was shifted towards the lower section of the 
624 column due to high liquid to gas ratio. Test 7 temperature profile indicates that the column is 
625 pinched at the bottom, rich end. The rich end pinch occurs due to mass transfer limitations and 
626 is independent of bulge temperature (Sachde et al., 2014). 

627 These observations indicate that absorber temperature profile is dependent on operational 
628 conditions and that the bulge temperate shifts as the operational conditions are varied. So, 
629 determination of the optimum location for solvent intercooling will be different for different 
630 flue gas compositions, operational conditions and plant configurations and must be determined 
631 on case by case basis. Moreover, the findings suggest that Raman Spectroscopy has the 
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632 capability to follow variations in process and can be employed for real time monitoring and 
633 control of the CO2 capture process.

634 Emissions:

635 Emissions of MEA and Ammonia as measured by FTIR at the outlet of the absorber are plotted 
636 in Figure 13. The figure indicates that emissions are higher at higher L/G ratio (Tests 5-7) as 
637 compared to those at low L/G ratio (Tests 3&4). Emissions of MEA were around 40 ppm during 
638 low L/G ratio tests, but peaked to above 100 ppm for the higher L/G ratios. However, the water 
639 wash has shown to remove most of the solvent from the gas before exiting to atmosphere. 
640 Emissions of Ammonia, after initial peak at the startup, dropped to around 5ppm and stayed 
641 low for low L/G ratios but started increasing as L/G gone up. 
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644 Figure 13: Emissions at the outlet of the absorber for process variation tests

645

646 3.4 Coal Flue gas (with Sulphur dioxide)

647 For these tests, flue gas from a coal firing pulverized fuel combustor, containing 210 ppm of 
648 SO2 on average, was fed to the capture plant. The aim was to investigate if Raman 
649 measurements are affected by solvent degradation. Operational condition for this test are given 
650 in Table 4. Similarly to the previous cases, manual samples were taken from the plant and 
651 titrated for CO2 loadings and MEA concentration.  Figure 14 compares Raman predictions with 
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652 titration results for rich and lean loadings. The real time Raman predictions and the offline 
653 titration results show a satisfactory agreement throughout the entire process. 

654 Rich loading drops sharply just after 200 mins of operation, see Figure 14, at this point the plant 
655 was tripped and flue gas flow was ceased. The effect of plant trip is shown by drop in lean 
656 loading after some time due to the reasons explained previously in this paper. 
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658 Figure 14: Comparison of rich and lean Raman measurements with titration data

659 The close agreement of Raman measurements with titration data provide evidence for the 
660 accuracy of Raman predictions with respect to titration results. It can be concluded that the 
661 presence or absence of SO2 in the flue gas has not affected the CO2 loading predictivity by the 
662 Raman models which were developed based on partial least squares (PLS) algorithm.

663 Capture efficiency:

664 Figure 14 also plots capture efficiency as a function of time for tests with coal flue gas. The 
665 plot shows that the capture efficiency was maintained around 90% throughout the test, except 
666 when the plant has start/stop due to tripping. The same phenomenon is observed with rich and 
667 lean Raman measurements, also plotted in Figure 14, where both the rich and lean loadings are 
668 more or less unchanged. 

669 Temperature profile:

670 Figure 15 shows absorber temperature profile for test with coal flue gas. It can be observed 
671 from the plot that the highest temperature was measured at about 1/4th of the packing from the 
672 top. The plot is showing temperature dips at around 2/3rd of the test period. As mentioned 
673 previously, plant tripped at this point and all the flows stopped but was restarted promptly.

674 A close look at the temperature profile reveals that the temperature profile is different before 
675 and after the plant has tripped. The reason for that is the change in temperature of lean solvent 
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676 entering the absorber. The temperature of the leans solvent was controlled at 40 ⁰C and 50 ⁰C, 
677 before and after the plant trip, respectively. In both the cases, the temperature bulge is at almost 
678 the same location but bulge temperature is little bit higher in the case of 50 ⁰C.   Moreover, 
679 temperatures in the top half of the column are generally higher in the case of 50 ⁰C lean solvent 
680 temperature while those at the bottom of the column are not changed much.    
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683 Figure 15: Absorber temperature profile for coal flue gas – temperature locations are from 
684 bottom of the packing

685 Emissions:

686 Figure 16 plots emissions of ammonia and MEA at the exit of absorber for the coal flue gas 
687 tests. It can be observed from the plot that emissions increased with time. This is due to the 
688 persistent supply of 210 ppm of SO2 in the flue gas resulting in degradation of solvent. The 
689 continuous increasing trend in emissions indicate that solvent degradation rate was increasing. 
690 The close agreement of Raman measurements with the offline titrations, even during 
691 accelerated degradation, indicates that the Raman model developed here can be used to monitor 
692 the capture plant performance.
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694 Figure 16: Emissions during coal flue gas testing

695 4. Conclusions:

696 Solvent monitoring is very critical particularly in the case of dynamic CCS plant operation. 
697 Manual sampling is a labor-intensive task and has health and safety implications, including 
698 access to sampling points, harsh process conditions and chemical exposure. Moreover, it takes 
699 time to process samples and thus sampling frequency is reduced resulting in potentially loosing 
700 critical data variations in the plant operation. There are several and complex mathematical and 
701 thermodynamic modeling developed to understand the CO2 capture plant performance with 
702 respect to different process conditions in literature. Most of these models are limited to pen-
703 and-paper due to the lack of validation with test results. 

704 The Raman spectroscopic real time monitoring tool developed here is validated against pilot 
705 plant data in stable and dynamic conditions in both the absorption and desorption processes of 
706 CO2 capture plant. Such a tool is one of most-awaited requirement in a CO2 capture plant and 
707 its journey towards commercial deployment. The application of such a tool to the real time 
708 monitoring of capture plant can reduce the plant downtime, time and resources spending on 
709 offline analysis and provide the plant operator a better overview about the past-present plant 
710 conditions and ease to take decisions to optimize the plant operation. As Raman predictions can 
711 provide reliable real time measurements of rich and lean CO2 loading at one-minute intervals, 
712 the validation of this analysis is apparent.  Based on the tests carried out during these campaigns, 
713 following conclusions can be derived.

714  Reliability of the Raman predictions are confirmed with the titration measurements 
715 carried out in this trial. Raman predictions can be mapped with the changes of process 
716 conditions and their intensities. They also provide information on stability of the plant.
717  The Raman predictions models are not affected, with accelerated solvent degradation 
718 and increased emissions, during 180-235 ppm of SO2 supply in the flue gas.
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719 The test campaign at the PACT CO2 capture plant with real time solvent monitoring using 
720 Raman Spectroscopy has demonstrated that the technology is a step closer to making offline 
721 measurements a thing of the past and moving towards predictive control of CO2 capture plants. 
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