

  
    
            
        
      
      
        
          
        

        
          
            
          
        
        
          
            
              
                
              
            

            
              
                
                  Siste søk
                

              

                
                  
                      
                      
                        
                      
                  

                
              
                No results found
              

            

          

          
            
              

                
              
            

            
              
                Tags
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

          
            
              
                
              
            

            
              
                Dokument
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

        

      

    

    
      
        
          
        
      
              

                        
  
  

                
            
            
        
        Norsk
                  

                        
  

                Last opp
                        
          
            
            
              
                Hjem
                
                  
                
              
              
                Skoler
                
                  
                
              
              
                Emne
                
                  
                
              
            

          

        


        
          Logg inn
        
        
        
        
        
          

  





  
    
      
      	
            
              
              
            
            Slett
          
	
            
              
              
            
          
	
            
              
                
              
              
            
          
	
          

        
	No results found


      
        
          
        
      
    

  







  
      
  
    
    	
                                    
              Hjem
            
            




	
                          
                
              
                        
              Annet
            
            


      
                  Moisture production in buildings
      

      
        
          
            
              
                
              
            
            
            
              
                Share "Moisture production in buildings"

                
                  
                    
                  
                  
                    
                  
                  
                    
                  
                  
                    
                  
                

                
                  

                  
                    COPY
                  
                

              

            

          

          
            
              

                
              
            
          

        

      

    

    
      
        
          
            
              
            
                          
                N/A
              
                      


          
            
              
            
                          
                N/A
              
                      

        

        
                      
              
                
              
                               Protected
                          

                    
            
              
            
            
              Studieår: 
                2022
              
            

          

        

        
          
            
            
                
                    
                
                Info
                
                

            
            

            

                        
  

                
        Nedlasting
          
              

          
            
              
                
                Protected

              

              
                
                
                  Academic year: 2022
                

              

            

            
              
                
                  
                
                
                
                  
                    Share "Moisture production in buildings"

                    
                      
                        
                      
                      
                        
                      
                      
                        
                      
                      
                        
                      
                    

                    
                      

                      
                        
                      
                    

                    Copied!

                  

                

              

              
                
                  
                
              

            

            
              
                
                121
              

              
                
                0
              

              
                
                0
              

            

          

        

      

      
        
                              
            
            121
          

          
            
            0
          

          
            
            0
          

        

      

    

  



  
        
                    
  
    
    
      
        Laster....
        (Se fulltekst nå)
      

      
        
      

      
      

    

  




  
      

                    Vis mer (   sider )
        
  


  
      

                    Last ned nå ( 121 sider )
      



      
            
  
    Fulltekst

    
      (1)
Moisture production in buildings



Anders Saasen Pedersen


Master of Energy and Environmental Engineering
 Supervisor: Hans Martin Mathisen, EPT
 Co-supervisor: Maria Justo-Alonso, EPT
 Submission date: August 2018


Norwegian University of Science and Technology



(2)
(3)  



(4)  



(5)
Preface 


This master’s thesis, regarding moisture production in residential buildings was carried out at 
 the  Department  of  Energy  and  Process  Engineering  (EPT)  at  the  Norwegian  University  of 
 Science and Technology (NTNU) in Trondheim, Norway, during the spring semester of 2018.  


The thesis comprises 30 ECTS during the 10th and last semester of a master’s degree in Energy 
 and Environmental Engineering. The work is an expansion of the project work written by the 
 author during the autumn semester of 2017.  


A special gesture goes to my supervisor and colleague Prof. Hans Martin Mathisen at ETP and 
 my co- supervisor, Ph.D. candidate Maria Justo- Alonso. Their support and guidance has made 
 my work the product it is, and helped me through the struggles encountered. Good luck with 
 your future, I am sure you will continue to succeed on all arenas in life.  


After five years studying here at NTNU, many people deserves a gesture. However, the greatest 
 one goes to my family for their caring support on my journey to become an engineer. I am proud 
 of everything you have thought me.  


Trondheim, August 30, 2018 


      . 
 Anders Saasen Pedersen 


Department of Energy- and Process Engineering, NTNU 



(6)
(7)
Abstract 


This master thesis is investigating the moisture production from indoor activities, and how it 
 influences the indoor relative humidity. The main goal is to verify a moisture production model 
 for residential buildings, currently under development at NTNU. The first three chapters of the 
 thesis presents the mathematical background to indoor moisture production, and the state of the 
 art research on the area. A suggested calculation method on how the release of moisture from 
 an indoor activity can be quantified by measurements is presented. The second part of the thesis 
 present  the  moisture  production  model  and  the  planned  method  on  how  the  model  can  be 
 verified. By conducting a series of showering experiments, and using the suggested calculation 
 method  to  quantify  the  moisture  produced,  the  verification  was  attempted.  The  third  part 
 presents the results from a series of conducted experiments performed in Living Lab at NTNU. 


The data from the experiments is processed and compared to the existing model, and discussed. 


Moisture in general is the number one cause of building related damages, whereas about 6 % -
 8 % is directly related to indoor moisture. With increased demand for building tightness, it is 
 crucial to have a properly sized mechanical ventilation system to ventilate the exec moisture 
 out of the building, preventing it to accumulate.  An indoor relative humidity of above 70 % 
 gives favorable conditions for mold and bacterial grown on indoor surfaces, and can worsen 
 asthmatic symptoms. Monitoring and studying the indoor levels of humidity is essential in order 
 to understand and prevent these situations.   


A number of processes and activities in an indoor environment generates moisture. Breathing, 
 showering, bathing, cooking, cleaning, and drying of clothes are all generating moisture to the 
 surrounding  air.  However,  the  indoor  moisture  production  rates  varies  greatly  between  the 
 different sources, as seen from research. For showering, the moisture production varies with a 
 number of parameters. Water temperature, flow rate of water and the length of the shower is 
 just some of the variables determining the total moisture production.  These three parameters 
 are used as variables during the experiments in Living Lab.  


The ultimate goal of the moisture production model is to prevent frosting and condensation in 
 the rotary heat exchanger of the air- handling unit. By creating a model that can predict indoor 
 relative humidity fluctuations in a building and how the humidity is recycled through the heat 
 exchanger,  these  unwanted  effects  could  ultimately  be  avoided.  The  model  uses  data  on 
 moisture  production  from  a  number  of  sources,  and  by  the  help  of  input  data  on  occupant 
 behavior from the user, the indoor relative humidity levels is mapped.  


This thesis focuses on verifying the moisture production from showering. Showering is the most 
 intensive indoor moisture producing source, as it has the ability to saturate the surrounding air. 


By  conducting  a  series  of  showering  experiments,  while  changing  different  parameters,  the 
 moisture  production,  along  with  the  transient  development  in  relative  humidity  has  been 
 mapped.  From  the  results,  it  can  be  seen  that  the  moisture  production  calculated  from 
 experimental data is higher than suggested data from the literature. The experiments showed a 
 total  release  of  moisture  ranging  from  200  g/shower  –  750  g/shower.  The  literature  suggest 
 values from 200 g/shower to 400 g/shower.  


The  transient  development  in  relative  humidity  from  the  experiments  is  compared  to  the 
simulated results from the moisture production model. These relation is very similar until two 
minutes after the shower has been turned off. At this point the decrease rate slows down in real 
life, while the model continues to descend at the same rate. This difference makes the total time 
for the relative humidity to reach a stationary condition merely 40 minutes for the model, while 



(8)from water vapor present in the air, which is rapidly ventilated out, to the evaporation of liquid 
 water  left  in  the  bathroom,  which  takes  a  longer  time.  The  model  does  not  take  this  into 
 consideration, and it is suggested that it should.  


The secondary goal of the thesis is to conduct a literature review on whether moisture buffering 
can be utilized to reduce the peaks in indoor relative humidity on not. Based on the research it 
is suggested that the effect should be implemented into the model at a later stage. The accuracy 
of the model is at this stage not high enough that this effect is essential. From the literature it is 
shown that the capability of a material to reduce the peaks in relative humidity is up to 30 % if 
used correctly. The author does however doubts that this can happen within a shower, as the 
moisture  is  released  at  such  high  rate,  and  ventilated  out  at  almost  equal  rate.  The  moisture 
buffering is thus assumed ineffective on damping the effect from showering.  
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Sammendrag 


I  denne  masteroppgaven  har  det  blitt  undersøkt  hvor  mye  fuktighet  som  blir  produsert  ved 
 dusjing,  or  hvordan  dette  påvirker  innendørs  relativ  luftfuktighet.  Hovedmålet  har  vært  å 
 verifisere  en  fuktproduksjonsmodell  under  utvikling  ved  NTNU.  De  første  tre  kapitlene  i 
 oppgaven  fokuserer  på  det  fundamentale  matematikken  bak  fuktproduksjon,  og  presenterer 
 siste nytt på området fra forskningen. Det foreslås å bruke en beregningsmetode på hvordan 
 totalt produsert fuktmengde kan kvantifiseres ved å gjennomføre målinger. I tillegg følger en 
 forklaring av- og et litteraturstudie på hvordan fuktbufring kan brukes til å redusere topper i 
 innendørs fuktnivåer. Den andre delen av oppgaven går kort gjennom fuktproduksjonsmodellen 
 samt  metode  for  hvordan  modellen  kan  verifiseres.  Ved  å  gjennomføre  en  serie  dusj- 
 eksperimenter,  samt  å  anvende  den  foreslåtte  beregningsmetoden  til  å  kvantifisere  mengden 
 fuktighet produsert, kan modellen verifiseres. Den tredje delen presenterer resultatene fra en 
 serie  gjennomførte  eksperimenter  i  Living  Lab  ved  NTNU.  Dataen  fra  eksperimentene  blir 
 prosessert og sammenlignet med den eksisterende modellen, samt videre diskutert.  


Fukt er den største årsaken til byggskader, hvor innendørs fuktbelastning står får omtrent 6 % -
 8  %.  Med  stadig  økte  krav  til  tetthet  i  bygg,  er  det  viktig  å  ha  riktig  dimensjonerte 
 ventilasjonsanlegg.  Den  overflødige  fuktigheten  produsert  må  ventileres  ut  av  bygget,  for  å 
 unngå at den akkumuleres. En relativ fukt over 70 % gir grunnlag for mugg- og bakterievekst 
 på  innendørs  overflater,  samt  forverre  symptomer  på  astma.  Overvåkning  og  forskning  på 
 innendørs fuktnivåer er essensielt for å kunne forstå og unngå slike situasjoner. 


Mange innendørs prosesser og aktiviteter genererer fukt. Utånding, dusjing, bading, matlaging, 
 rengjøring  og  tørking  av  klær  er  alle  kilder  til  fukt  i  inneluften.  Fuktproduksjon  innendørs 
 varierer stort fra kilde til kilde, som gjentatte ganger er bevist ved forskning. For dusjing varier 
 fuktproduksjonen med en rekke parametere. Vanntemperatur, massestrøm, dusjlengde er bare 
 noen av variablene som er med på å bestemme total fuktproduksjon. Disse tre parameterne er 
 brukt som variabler under forsøkene gjennomført i Living Lab.   


Målet  for  fuktproduksjonsmodellen  er  å  unngå  gjenfryning  og  kondensering  i  roterende 
 varmegjenvinnere.  Ved  å  utvikle  en  modell  som  kan  forutse  utviklingen  i  innendørs  relativ 
 fuktighet, og hvordan denne blir gjenvunnet i varmegjenvinnere, de uønskede konsekvensene 
 kan unngås i større grad. Modellen benytter data på fuktproduksjon fra en rekke kilder, og ved 
 at brukeren fører inn data på brukeratferd, kan utviklingen i relativ fuktighet kartlegges.   


Denne oppgaven fokuserer på å verifisere data på fuktproduksjon fra dusjing. Dusjing er en av 
 de mest intensive fuktkildene innendørs, da den har evnen til å mette luften med vann. Ved å 
 gjennomføre  en  rekke  eksperimenter  men  forskjellige  parametere  varieres,  har 
 fuktproduksjonen, samt det transiente forløpet til relativ fuktighet blitt kartlagt. Fra resultatene 
 kan  det  sees  at  fuktproduksjonen  fra  eksperimentene  er  høyere  enn  hva  som  er  foreslått  i 
 litteraturen.  Eksperimentene  viser  en  total  produksjon  på  mellom  200  g/  dusj–  750  g/  dusj, 
 avhengig av kombinasjonen av parametere. I litteraturen fins data på verdier mellom 200 g/dusj 
 og 400 g/dusj. 


Det  transiente  forløpet  til  den  relative  fuktigheten  fra  eksperimenter  er  sammenlignet  med 
simulerte resultater fra modellen. Fra dette kan det sees at forløpet mellom de to er så å si like 
fram til to minutter etter vannet er slått av. Ved dette punktet bremses avtagelsesraten for den 
reelle situasjonen, mens modellens rate fortsetter i samme tempo. Denne forskjellen gjør at det 
tar ca. 40 minutter før modellens relative fuktighet når stasjonær tilstand, mens det tar mellom 
2 timer og 2.5 timer før den faktisk når denne. Dette er antatt å skyldes overgangen mellom 



(10)det  tar lenger tid å ventilere ut.  Modellen tar ikke hensyn til  dette, og det er foreslått  at  den 
 burde. 


Det  andre  målet  med  moppgaven  er  å  gjennomføre  en  litteraturstudie  på  om  fuktbufring  i 
 materialer kan bli utnyttet til å kutte toppene i innendørs relativ fuktighet. Basert på forskningen 
 er det foreslått at effekten bør implementeres i modellen på et senere tidspunkt. Nøyaktigheten 
 på  modellen  er  på  nåværende  tidspunkt  ikke  høy  nok  til  at  denne  er  avgjørende.  Fra 
 litteraturstudiet er det vist at materialer kan bufre i den grad at toppene i relativ fuktighet kan 
 reduseres med 30 % dersom den er brukt korrekt. Forfatteren tviler derimot at dette er tilfelle 
 ved  en  dusjsekvens,  da  fuktigheten  produseres  med  såpass  høy  rate,  og  ventileres  raskt  ut. 


Fuktbufring er derfor antatt å være ineffektiv til å dempe påvirkningen fra dusjing. 
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G  Moisture production rate  g/h 
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n  Air change-rate  h-1
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mv Mass of water vapor  kg- water vapor 
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Abbreviations 


MPM – Moisture production model 
 RH – Relative humidity 


ZeB – Zero emission building  
MBV – Moisture buffer value 
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 Introduction 


This is the first chapter of the thesis. It gives an understanding of the background for the given 
 problem, and the motivation behind it. In addition, the scope of the report is presented, before 
 the research questions is presented  



1.1  Motivation 


Air  humidity  is  the  amount  of  water  vapor  present  in  the  air.  Knowledge  of  how  indoor  air 
 humidity levels varies with different influencing  factors and how it affects humans and their 
 surroundings is required for many purposes. 60-80 % of building related damages is estimated 
 to be caused by a form of moisture damage (Edvardsen and Ramstad, 2014). About 10 % of 
 this  is  a  direct  consequence  of  the  moisture  of  the  indoor  air.  Wrong  treatment  of  the  air, 
 excessive moisture production or a construction error, can in extreme cases lead to excessive 
 amounts of indoor moisture. It is crucial to investigate how the overall building related damages 
 can  be  reduced,  in  order  to  reach  the  global  climate  goals.  By  looking  into  indoor  relative 
 humidity (RH) and moisture production, potential damage can be avoided. 


Both living life and building materials are affected by the fluctuations in the moisture content 
 of indoor air. High levels of moisture in a building can be related to respiratory diseases and 
 asthma in addition to the growth of mould, fungus and bacterial resurgence (Adan and Samson, 
 2011). Knowledge of which parameters affects the indoor moisture levels is essential in order 
 to predict and prevent a RH outside predetermined boundaries.  


In  general,  several  processes  and  household  activities  generate  moisture.  First,  there  is  the 
 respiratory  activity  from  living  objects,  such  as  humans,  animals  and  plants.  Secondly,  the 
 indoor activities the residents conducts influence the moisture content. Here all sorts of moisture 
 related  activities  contributes,  such  as  showering,  washing-  and  drying  clothes,  cleaning  and 
 cooking. Other effects of moisture production comes from the building and indoor furniture’s 
 themselves,  with  the  hygroscopic  exchange  of  moisture  with  the  indoor  environment,  or  the 
 release from materials in newly constructed buildings. 



1.2  Scope 


The goal of the master thesis work is to verify a household moisture production model (MPM), 
made by Maria Justo-Alonso, at NTNU. The model simulates the indoor RH under different 
outdoor  conditions,  and  building  specific  parameters.  Different  indoor  activities  generates 
different amounts of moisture to the air, which has an influence on the RH. In combination with 
a rotary heat exchanger, the moisture released can be recycled from the extract air. There is a 
risk of condensation and frosting, which can decrease the efficiency of the heat exchanger.  



(24)In the moisture production model, different moisture producing activities is implemented, and 
 assigned to a unique moisture production rate. The primary goal of the thesis is to verify these 
 moisture production rates. By conducting a literature review on moisture production rates, the 
 latest values can be evaluated against the model. Furthermore a real life test will be conducted 
 to  verify  the  rates  used.  By  conducting  a  series  of  moisture  producing  experiments  in  the 
 bathroom  of    a  test  facility  at  NTNU,  called  Living  Lab,  the  moisture  production  from 
 showering will be tested. Indoor moisture production is generated in very small quantities, and 
 measuring it must be done in a very accurate way. Thus, properly calibrated instruments is of 
 great essence, so calibration of sensors will prioritized.  


The  secondary  goal  of  the  thesis  is  to  suggest  whether  moisture  buffering  should  be 
 implemented into the moisture production model, or not. By conducting a literature review on 
 the topic and discussing the findings. Suggestions to the model will be made.  


The use of Living Lab as a test facility has not been without issues. Significant downtime of 
 the  monitoring  systems  has  postponed  the  field  tests,  to  the  extent  that  the  focus  ended  on 
 looking  into  moisture  production  from  showering  only,  as  the  original  plan  was  to  verify  a 
 broader range of sources.  



1.3  Structure of the report 


The structure of the report has the purpose of being organized in a scientific manner, starting 
 with  a  literature  review,  followed  by  a  method,  results,  discussion  and  at  last  a  conclusion 
 followed by a list of suggestions for further work.  


  Chapter  2  presents  the  mathematic  and  theoretical  background  for  understanding  the 
 concept  of  moisture  production,  and  is  divided  into  two  parts.  The  first  part  gives  a 
 thorough background to humid air and RH in addition to the important parameters the 
 reader  will  encounter  later  in  the  thesis.  The  second  part  of  the  chapter  presents  the 
 mathematical  background  for  the  experimental  method  used  to  verify  the  moisture 
 production rates used in the moisture production model.  


  Chapter 3 is a literature review. The chapter is divided into three main parts. The first 
 focuses on how indoor moisture production and RH is affecting humans and materials, 
 while the second part presents the state of the art research on moisture production rates 
 from other authors work. The third part of the literature review is an introduction to, and 
 an explanation of the moisture buffering effect that materials can have on the on door 
 RH. 


  Chapter 4 is a method chapter that presents the research plan for the test facility Living 
 Lab. The goal of this chapter is to give the reader an understanding of the limitations 
 and methodology behind the conducted experiments. 


  Chapter 5 briefly presents the moisture production model. The purpose and limitations 
of  the  model  is  presented  while  being  angled  towards  the  conducted  showering 
experiments in Living Lab. 



(25)  Chapter 6 presents  the calculated data on moisture production from the  experiments, 
 and  discusses  it  from  a  RH,  temperature  and  specific  humidity  perspective.  A 
 comparison  between  the  simulated  results  and  the  real  case  is  also  presented  and 
 discussed.  


  Chapter 7 is a discussion of the findings from the thesis. It sheds light on the aspects 
 examined,  and  discusses  its  validity.  In  this  chapter  moisture,  buffering  is  discussed 
 towards the moisture production model.  


  Chapter 8 is the conclusion, whose purpose is to present the most important findings 
 and results from the thesis work, and sheds light on the prospects that worked and did 
 not work.  


  Chapter 9 is a list of recommendations to further work that can or should be done to 
 improve the outcome of the findings in this thesis. 


  References and appendices are following Chapter 9. 
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 Theoretical background 


This  chapter  holds  the  theoretical  background  for  moisture  production.  It  starts  with  the 
 elementary  physical  understanding  of  humid  air,  then  continues  with  more  specific  content 
 relating relative humidity with moisture production. It ends with the mathematical theory on 
 how moisture production can be measured and calculated.  



2.1  Humid Air 


The chemical composition of clean, dry atmospheric air consists mainly of the gases nitrogen 
 (78 %), oxygen (21 %) and argon (0.9 %), by volume (Nilsson, 2003). In addition to these and 
 all other gaseous substances found in the atmosphere, air contains varying amounts of water 
 vapor, depending on climate and temperature. Characteristics for air is that the dry part of the 
 air remains constant, while the moisture content varies. The mixture of dry air and water vapor 
 is referred to the terms humid air or moist air (Moran et al., 2012).  


2.1.1  Ideal Gas 


The  relation  between  the  physical  parameters  of  a  gaseous  compound  is  determined  by  the 
 gasses’  individual  properties  and  how  they  interact  between  each  other.  By  applying 
 assumptions that the gasses has pure translational motion, elastic collisions and non-attractive 
 forces between the molecules the relations can be approximated (Moran et al., 2012). At states 
 of a gas where the pressure p is small relative to the critical pressure pc and/or the temperature 
 T is large relative to the critical temperature Tc, we can assume with reasonable accuracy that 
 the ideal gas law applies (Moran et al., 2012). Within the pressure- and temperature range of 
 the atmosphere, both the dry air and the water vapor is well below the critical limits, and thus 
 considered ideal gasses (Geving and Thue, 2002). (1) gives the equation of state of an ideal gas 


𝑝𝑉 = 𝑚


𝑀𝑔𝑅𝑇  (1) 


, where p is the pressure of the gas in Pa, V is the volume of the gas in m3, m is the mass of the 
 gas in kg, Mg is the molecular mass of the gas in kg/mol R is the universal (molar) gas constant 
 of 8 314.41 J/(kmol*K), and T is the temperature of the gas in K. 


As  atmospheric  air  is  considered  a  mixture  of  two  ideal  gasses  (water  vapor  and  dry  air), 
Daltons’ model applies. This model assumes that each component in a gaseous mixture behaves 



(28)component  at  its  own  would  not  exert  the  mixture  total  air  pressure, ptot  but  rather  a  partial 
 pressure, pi. It can be shown that the total air pressure, ptot of the mixture is equal to the sum of 
 the partial pressure pi of each component, known as Dalton’s Model (2). 


∑ 𝑝𝑖 = 𝑝𝑡𝑜𝑡


𝑖


(2) 
 The equation of state (1) can thus be applied component wise, either on the water vapor itself 
 or on the humid air as a whole. By applying Dalton’s Model (2) to the equation of state, the 
 resulting equation of state for a component i, is given by (3). 


𝑝𝑖𝑉 =𝑚𝑖


𝑀𝑖 𝑅𝑇  (3) 


2.1.2  Relative humidity 


Air can only hold a certain amount of water vapor before condensation of the vapor into liquid 
 water occurs. The upper limit for the moisture content is given by the saturation pressure, psat


(Pa)  of  the  water  vapor,  and  is  a  function  of  temperature.  This  relation  is  determined 
 empirically. An equation (4) to calculate the saturation pressure is given by Oyj (2013). The 
 equation has a maximal error of 0.083 % within the temperature range -20…+50 °C. 


𝑝𝑠𝑎𝑡 = 𝐴 ∗ 10(


𝑟∗𝑇


𝑇+𝑇𝑛) (4) 


A  =  611.6441 Pa 


R  =  7.591386 [-] 


Tn =  240.7263 °C 


T  =  dry bulb temperature, [°C] 


Equation (4) shows that the saturation pressure is increasing with temperature, and thus the air 
 is able to hold more moisture with higher temperatures and vice versa. A way of describing the 
 grade of saturation in the air is the relative humidity (RH) [%]. The RH is defined as (5) 


𝑅𝐻 =   𝑝𝑣(𝑇)


𝑝𝑠𝑎𝑡(𝑇)∗ 100 %  (5) 


pv is  the partial  pressure of the water vapor at  a  given temperature T in  Pa. This  property is 
calculated from the equation of state of a component, equation (3). The RH ranges from 0 to 
100 %, where at 100 % the air cannot hold any more vapor and condensation occurs if more 
vapor is added. The relation between pv and T at different moisture saturation grades of the air, 



(29)Figure 2.1: The relation between air temperature and partial pressure of water vapor at different 
 relative humidity. 


2.1.3  Specific Humidity 


While the RH gives the percentage of saturation of the air, it does not directly give the actual 
 amount of vapor in terms of mass or volume.  


The specific humidity, x (kg-vapor/kg-dry air) of air relates the mass of water vapor to the mass 
 of dry air, and is represented as the ratio of those masses respectively (6): 


𝑥 =  𝑚𝑣


𝑚𝑎 (6) 


Equation  (6)  can  be  expressed  in  terms  of  partial  pressures  and  molecular  weights  by 
 manipulating  equation  (3)  for  both  water  vapor  and  dry  air,  and  substituting  the  resulting 
 expressions into equation (6), to obtain (7). 


𝑋 =  𝑚𝑣
 𝑚𝑎 =


𝑀𝑣𝑝𝑣𝑉
 𝑅𝑇
 𝑀𝑎𝑝𝑎𝑉


𝑅 ∗ 𝑇


= 𝑀𝑣𝑝𝑣


𝑀𝑎𝑝𝑎 (7) 


By applying Daltons model, (2), and inserting the molecular weights, of water (18.015 kg/kmol) 
 and dry air (28.971 kg/kmol), the resulting expression for the specific humidity of air is given 
 by (8). 
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(30)𝑋 = 0.621979 ∗ 𝑝𝑣(𝑇)


𝑝𝑡𝑜𝑡− 𝑝𝑣(𝑇) (8) 


The specific humidity is thus a function of the partial pressure of water vapor and the total air 
 pressure of the air.  


By combining (4), (5) and (8), the resulting equation (9) is a method for calculating the specific 
 humidity  when  the  RH,  dry  bulb  temperature  and  the  total  air  pressure  of  the  air  is  known 
 through measurements.  


𝑋 = 0.621979 ∗   𝑅𝐻 ∗  𝑎 ∗ 10(


𝑟∗𝑇
 𝑇𝑑+𝑇𝑛)


100 ∗   𝑝𝑡𝑜𝑡− 𝑅𝐻 ∗  𝑎 ∗ 10(


𝑟∗𝑇
 𝑇𝑑+𝑇𝑛)


(9) 


a  =  611.6441 Pa 


r  =  7.591386 


Tn =  240.7263 °C 


Td =  dry bulb temperature [°C] 


RH  =  relative humidity [%] 


ptot =  total air pressure of the surroundings [Pa] 


2.1.4  Total air pressure 


When conducting moisture related calculations on an open system, the total air pressure is often 
approximated to have a constant value of 1 013.25 hPa, or 1atm (Moran et al., 2012). This value 
is  the  standard  pressure  at  sea  level.  An  open  system  is  however  subjected  to  the  local 
surroundings, with  total  air  pressure variations in  both  climate, season  and height  above sea 
level.  Figure  2.2  is  a  presentation  of  the  variations  in  total  air  pressure  throughout  a  year, 
collected from the weather station at Voll, Trondheim, Norway, 127 m above sea level. The 
raw data is acquired from a ten- year period between 2008-2017, separated into three graphs 
presenting both the extreme values of each day as well as the average of the same days each 
year. From the graphs it can be seen that the extreme values ranges from about 950 hPa to 1 030 
hPa, making the use of the standard pressure (1 013.25 hPa) in moisture calculations possibly 
inaccurate.  



(31)Figure 2.2: The daily average total air pressure and extreme values of outside air in Trondheim, Voll, 
 generated through data from the period 2008-2017. (Meteorologisk Institutt, 2018) 


The  significance  the  variations  in  total  air  pressure  has  on  the  specific  humidity  is  viewed 
 through the 4D- image in Figure 2.3. It is a graphical presentation of the equation for the specific 
 humidity from  equation  (9). The script for the plot is found in  Appendix E.  In the equation, 
 there are three variables; RH, temperature and total air pressure. The RH ranges from 0 % to 
 100 %, while temperature ranges from -20 °C to + 40 °C. The specific humidity is read of in 
 the z- direction (xyz). The effect of changes in total air pressure is viewed through the coloring 
 map within the image. Both the upper and the lower extreme value is compared to the standard 
 pressure in terms of percentwise error. If comparing Volls’ lower extreme value of 950 hPa to 
 the standard pressure of 1 013.25 hPa, the error in specific humidity is between 6.66 % - 7.20%, 
 depending on RH and temperature. When comparing the higher extrema of 1 030 hPa to the 
 standard pressure, the error becomes smaller, ranging from 1.63 % – 1.75 %, again depending 
 on RH and temperature.  


In both the cases, the error is greatest when the temperature and RH is at its highest at the same 
 time. That is, when the temperature is 40 °C and the RH is 100 %. In Trondheim, this has never 
 been the case, and if a more realistic situation regarding weather and season is used, the errors 
 are reduced.  
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(32)Figure 2.3: Surface plot that shows the influence of changes in both temperature and relative humidity 
 on the specific humidity. The coloring illustrates the error in specific humidity when using the extreme 
 values from Figure 2.2 relative to 1 013.25hPa. 


2.1.5  Air density 


The density of air is the mass unit divided by its volume, normally denoted ρ (kg/m3). From the 
 ideal  gas  law  (1)  the  density  of  dry  air  is  dependent  on  both  temperature  and  pressure, 
 decreasing with temperature and increasing with pressure. In most calculations, the air density 
 is considered uniform, with dry air as its only component. However when more accurate and 
 sensitive  calculations  is  considered  necessary,  the  amount  of  water  vapor  in  the  air  must  be 
 accounted for. The calculations are now dependent on the amount of water vapor present in the 
 given air sample, and the equation is extended to include this. To calculate the air density, the 
 humid air is treated as a mixture of two ideal gases, and by utilizing Daltons Model  (2), the 
 resulting expression may be written as (10) (Shelquist, 1998) 


𝜌 =  𝑝𝑡𝑜𝑡− 𝑅𝐻 ∗  𝑎 ∗ 10(


𝑟∗𝑇
 𝑇𝑑+𝑇𝑛)


𝑅𝑑𝑟𝑦∗ (𝑇 + 273.15) + 𝑅𝐻 ∗  𝑎 ∗ 10(


𝑟∗𝑇
 𝑇𝑑+𝑇𝑛)


𝑅𝑣𝑎𝑝𝑜𝑟 ∗ (𝑇 + 273.15)     (10) 


Where, Rdry  is  equal  to  287.05  J/  (kg*K),  and Rvapor  is  equal  to  461.498  J/  (kg*K),  which 
respectively are the specific gas constants for dry- and humid air. 



(33)Figure  2.4  is  an  illustrative  coherence  between  the  different  parameters  included  in  the  air 
 density  equation  (10)  for  humid  air.  The  equation  is  ran  twice  through  the  software  Matlab 
 resulting in the two surface plots. The script for the plot is found in Appendix E. In the plot 
 lying on top of the other, the air contains no water vapor, as the RH is set to merely 0 %. In the 
 bottom most plot, the RH is set to 100 %, meaning that the air is saturated and thus cannot hold 
 more water. The coherence between these two plots shows that the water content has relatively 
 low impact on the air density within the circumstances of the ranges given. It also shows that 
 the impact of changes in RH is greatest when the temperature is high. If looking at the air state 
 when  the  humidity  has  greatest  impact,  the  maximum  deviation  in  air  density  is  about  0.03 
 kg/m3.Within  the  limits  used,  this    point  is  when  the  air  pressure  is  1,030  hPa  and  the 
 temperature is + 40°C. 


From the plot, it can be seen that the air density is mostly dependent on temperature, decreasing 
 with  increasing  temperature.  The  difference  in  air  density  with  extreme  values  of  the 
 temperature scale from -20 °C to + 40 °C is at most 0.3 kg/m3. 


With increased air pressure, the density of humid air increases. Within the ranges of the plot, 
 from 950 hPa to 1 030 hPa, the difference in air density is about 0.1 kg/m3. 


The  changes  in  air  density  with  extreme  values within  the  ranges  of  Figure  2.4  is  about  0.4 
 kg/m3. This difference is from low air pressure, high temperature and high RH where the density 
 is at its lowest, to low temperature, high air pressure and low RH where the air density is at its 
 highest. 


Figure 2.4: Density of humid air relative to temperature and surrounding air pressure, at extreme 
values of RH.  
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2.2  Mollier diagram 


When studying and estimating changes in the state of humid air, a Mollier diagram is a handy 
 tool.  The  Mollier  diagram  is  a  graphic  representation  of  the  relation  between  temperature, 
 moisture content and enthalpy for  systems  involving humid air.  The  total  air pressure  in  the 
 diagram is usually 1 bar (1 000 hPa), considering the humid air as an ideal gas, but can be given 
 at any pressure other than that. (Moran et al., 2012) 


Mollier diagrams are either h-x or t-x diagrams, where h is the enthalpy in kJ/kg, x is the spesific 
 humidity of the air in kg/kg and t is the temperature in °C. A simplified version of a Mollier 
 diagram, in the form of a t-x diagram is given in Figure 2.5. On the vertical axis of the diagram, 
 a temperature scale serves as the standard variable. The range of the axis is limited by the need, 
 and for HVAC- calculations, the range is usually between -15 °C to 40 °C (Ingebrigtsen, 2016a). 


The lines extending from the vertical axis are isotherms, lines with constant temperature. The 
 isotherms  usually  tilts  slightly  upwards,  increasing  its  tilt  with  temperature,  however  in  this 
 diagram  they  are  horizontal.  The  horizontal  axis  at  the  bottom  is  the  specific  humidity,  and 
 vertically running lines from this axis are designated lines of constant specific humidity. The 
 topmost horizontal axis is the partial pressure of the humid air. The diagonal lines that goes 
 from the y- axis and down to the right are isenthalpic lines, or constant enthalpy lines, governing 
 from the specific heats of the humid air. The lines curving from the origin of the diagram and 
 upwards to the right is the RH- lines, increasing in the right direction. The rightmost of those 
 lines is the saturation line, where the air is saturated with water vapor, and thus cannot store 
 any more water.  


Figure 2.5: Simplified version of a Mollier diagram, showing the relation between air temperature, 
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(35)When using the Mollier diagram, information about thermodynamic properties of the humid air 
 is approximated, as the diagram is used by reading off data directly. The diagram is built such 
 that if two of the properties are known, all other can be found by inspection. A summary of the 
 most important properties of the Mollier diagram, and how to find them, can be found in Table 
 2-1. More about the diagram can be read in any basic thermodynamics theory book. 


Table 2-1: Description of some the properties a Mollier diagram can provide, and how to locate them 
 (Ingebrigtsen, 2016a). 


What  Unit  Designation  Where 


Specific 
 humidity 


[kg- vapor/ 


kg- dry air] 


x  Read of the x-axis at the bottom of the 
 diagram. A change in water content gives a 
 change in latent heat. 


Enthalpy  [kJ/kg]  h  Read of below the saturation line of the 
 humid air. Constant lines inclined 
 downwards to the right. A change of 
 enthalpy means a change in total heat, both 
 sensible and latent. 


Dry bulb 
 temperature 


[°C]  T  The y- axis of the diagram. Given 
 isotherms is approximately horizontal 
 lines. Measured with a normal temperature 
 gauge. A change in dry bulb temperature 
 implies a change in sensible heat. 


Relative 
 humidity 


[%]  RH  Multiple curved lines stretching from the 
 origin of the diagram and through it 
 towards the top right. Designated lines for 
 a number of points from 0-100 % RH. 


Dew point 
 temperature 


[°C]  Td Read of by following the constant specific 
 humidity line to the saturation line, and 
 then horizontally to the y- axis on the left. 


Partial pressure 
 of the water 
 vapor 


[kPa]  Pd From the given state, follow the diagram 
 horizontally to the topmost x- axis and 
 read off. 


Saturation 
 pressure of the 
 water vapor 


[kPa]  Psat  From the given state, follow the diagram 
 horizontally until the saturation line is 
 reached. Then follow the diagram 


vertically to the topmost x- axis and read 
off.  
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2.3  Relative humidity 


The state of the air in any environment is at constant change, striving to reach equilibrium with 
 the surroundings. By natural or active measures, the air can be affected such that humidity levels 
 changes.  


2.3.1  Outdoor 


In outdoor air, the nature controls the humidity levels by itself, and cannot be notably affected 
 by humans. Depending on temperature (seasonal variations) and local climate, the state of the 
 air varies throughout the year. Figure 2.6 is showing the annual variations in RH and specific 
 humidity in the Nordic coastal climate of Trondheim. It can be seen that the RH is relatively 
 stable around the year within about 65% -85 %. At the same time, the specific humidity varies 
 between 2 g/kg to 9 g/kg being highest in the summer months. This shows that for the typical 
 summer conditions, air contains more water vapor than in winter conditions. This has to do with 
 temperature variations. If looking back at the Mollier diagram from Figure 2.5, where it can be 
 seen that the ability for the air to store moisture is depending on temperature. The higher the 
 dry bulb temperature, the higher the saturation pressure for the water vapor, ref equation (4). 


Where the saturation pressure and dry bulb temperature increases, the ability for the specific 
 humidity increases. Thus, the RH does not say anything but the grade of saturation of the air.  


Figure 2.6: The average relative humidity and specific humidity of outdoor air in Trondheim, Voll, 
 generated from daily averages over a period of ten years from 2008-2017 (Meteorologisk Institutt, 
 2018). 


To  relate  the  findings  between  RH  and  specific  humidity  from  Figure  2.6  to  the  Mollier 
 diagram, two typical states, one from winter- and one for summer condition are chosen. Both 
 the winter- and the summer condition has a RH of 70 %, whereas the temperatures differ. The 
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(37)Figure 2.7. It is evident that one of the notable differences is that the moisture content is, as 
 assumed higher in the summer when the temperature is higher. In terms of specific humidity, 
 based on calculations from (9), the winter case holds 1.84 g/kg while the summer case holds 
 10.25 g/kg. With increased temperature, the air has the ability to store more humidity, which 
 become evident in this situation. The temperature is higher in the summer than the winter, thus 
 can store more moisture. This situation is reflected into the figure, where the two conditions are 
 equally saturated, but differ in specific humidity. A summary can be found in Table 2-2. 


Figure 2.7: Mollier diagram showing the relation between the state of outdoor air in the typical Nordic 
 winter and summer climate.    


Table 2-2: The two states used in the Mollier diagram in Figure 2.7. 


Case  Temp  RH  Specific humidity 


Winter  - 5 °C  70 %  1.84 g/kg 


Summer  + 20 °C  70 %  10.25 g/kg 


It must be noted that the outdoor relative humidity is often higher than the presented example. 


When there is rainy weather outside, the RH is often 100 % regardless of temperature, and while 
 other effects concerning the saturation line can result in condensation on surfaces or creation of 
 fog in the air. 
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(38)2.3.2  Indoor 


The humidity content in an indoor environment is mainly determined by three parameters. The 
 first is the ventilation rate through the building envelope, and this is transferred. Secondly, it is 
 the condition of the air supplied, while the third factor is the addition of moisture from indoor 
 sources, or moisture production. It is the natural balance between moisture gains and losses, 
 which determines the indoor humidity level.  


The amount of air exchanged through the building envelope with the outdoor air is determined 
 by the  size and use of a  ventilation  system,  openable  windows and doors and by  infiltration 
 through  the  building  envelope.  Increased  demand  for  building  tightness  makes  the  use  of  a 
 mechanical ventilation system necessary in order to ensure a good indoor air quality (Jensen et 
 al., 2011). Infiltration in modern dwellings built today, or totally renovated is required to have 
 a leakage number of 0.6 h-1 or less. That is, the amount of outdoor air that enters the building 
 through leakages relative to the total air volume of the building should not exceed 0.6 h-1.  
 In modern airtight buildings, air is primarily supplied through a mechanical ventilation system. 


By the use of a heat exchanger, outdoor air is heated through heat transfer with the extract air. 


In this process, the temperature of the supply air increases towards desired value. Depending 
 on the use of regenerative or recuperative heat exchanges, humidity can also be transferred in 
 the process. In all the supplied air is heated while the RH usually decreases.  


RH is one of the key factors in the indoor environment, and one of the parameters the HVAC 
 system has the ability to influence. By the use of active or passive methods, the indoor moisture 
 level can be monitored and controlled, either by preventing it from accumulating in- or diluting 
 it from the indoor air depending on climate, use and requirements. In modern buildings, the use 
 of balanced mechanical  ventilation ensures an efficient removal of excess humidity. Though 
 this is usually enough to keep RH within recommended limits it is sometimes necessary with 
 additional measures, either passive or active. Some of these measures are: 


  Natural ventilation by opening windows and doors 


  Humidifier/ dehumidifier, either in the HVAC plant or other indoor location 


  Regeneration of moisture towards an equality through a regenerative heat exchanger 


  Actively increasing or reducing the indoor moisture production 


  Raising or lowering the indoor temperature, thus decreasing or increasing the RH 


  Utilizing materials with high moisture buffering capacities 


By the use of active measures, the RH can be held between certain limits. As further elaborated 
 in  Section  3.1.2, excessively low or high indoor RH has  potential harmful  consequences for 
 living life and building structure. By that mean, it is desirable that a certain control is at place. 


The  presented  methods  differ  in  their  controllability,  as  some  are  passively  contributing  to 
control,  while  others  can  monitor  and  control  the  levels  directly.  Which  method  to  use  is 
depending  on  the  construction  type,  use  or  climate.  I.e.  in  tropical  climates  it  is  desired  to 
dehumidify the air, while in Nordic winter like climate it is desired (though not common) to 
rater humidify the air. It is a demand (in Norway) that building built or fully renovated today 
have to use extract ventilation in wet rooms and kitchen, however it is not a demand that RH 
should be kept within specific limits (Ingebrigtsen, 2016a). The mechanical extracts in the wet 
rooms creates an under pressure and ensures that the moisture produced there is not let in to 
other zones. This prevents the spread of high concentrations of moisture, which could lead to 
excessive moisture levels and accumulation in unwanted locations.   



(39)The  indoor  RH  is  also  determined  by  the  supplement  of  moisture  through  generation  from 
 processes  and  activities  indoor.  Showering,  washing-  and  drying  clothes,  cleaning,  cooking, 
 evaporation from humans, animals and plants and breathing are examples of indoor processes 
 that generates moisture to the air. Moisture production is thoroughly elaborated in section 3.2. 


Indoor RH varies between zones and time of the day due to moisture generation and different 
 use of the space. The room with the largest fluctuations in RH within the shortest time interval 
 is the bathroom. This is due to extensive generation of moisture from showering, use of the sink 
 and similar. When the shower is in use, the RH can reach the saturation point, and condensation 
 occurs  on  the  surfaces.  Over  time,  this  moisture  will  evaporate  again  and  slowly  release 
 moisture to the bathroom.  


How the state of the air is changing to addition of water depends on how the water is added. 


This can happen in two main ways: 


  Humidification with steam 


  Humidification with water 


With  the  addition  of  water  in  the  form  of  steam,  the  change  in  the  state  of  the  air  is 
 approximately  horizontal  to  the  right  in  the  Mollier  diagram.  Depending  on  the  state  of  the 
 steam,  a small  temperature rise occurs, however it  is  usually considered an isotherm change 
 (Ingebrigtsen, 2016a).  It must be noted that if the addition of steam results in saturation of the 
 air,  with  a  RH  of  100  %,  the  temperature  will  increase  more  rapidly.  This  is  because  the 
 isotherms are following parallel to the constant enthalpy lines outside of the saturation line.  


If instead water is added, the water will need to evaporate before entering the air. The energy 
 the liquid water needs to evaporate, the evaporation heat, is taken from the air itself. The result 
 is a drop in surrounding air temperature. In the Mollier diagram, this process is approximately 
 following the constant enthalpy line towards the saturation line. The outcome of this process is 
 increased water content in the air, and reduced temperature. Adding water is more efficient than 
 adding steam when it comes to the RH, as the gradient towards the constant RH- lines is steeper.  


In order to prevent accumulation of high moisture concentrations over time it is significantly 
 important to place extract and supply valves at recommendations locations. From a perspective 
 seen  by  RH  it  is  crucial  to  remove  excess  moisture  in  places  the  production  is  high.  In  a 
 residential building this mainly applies to the kitchen, bathroom (or other wet rooms) and at 
 nigh  time,  the  bedrooms.  If  using  a  mechanical  ventilation  system,  extract  valves  should  be 
 placed in these rooms to prevent the air from escaping through infiltration to other zones with 
 lower moisture levels. Thus, the contaminated air is sealed from other zones due to the under 
 pressure and ventilated out of the building.  



2.4  Moisture production 


When estimating a moisture production, the natural balance between moisture gains and losses 
is essential. The total indoor moisture content is a direct consequence of the indoor moisture 
generation and gains or losses through infiltration and mechanical ventilation. The supply of 
moisture is the difference in moisture content between supplied and extracted air, whereas the 
significance of the moisture production is primarily governed by the size of the air supplied and 
extracted to and from a zone (Johansson et al., 2010). The impact of a local moisture generation 



(40)modern buildings is primarily controlled by the mechanical ventilation system. In zones where 
 the  moisture  production  is  higher  than  average,  the  ventilation  extract  valve  usually  the 
 possibility for forced ventilation. The forced ventilation temporarily increases the air change of 
 the zone to rapidly ventilate humidity, odor and other substances out of the room.  


Equation  (11)  (Geving  and  Thue,  2002)  is  a  method  for  calculating  the  stationary  moisture 
 content of indoor air, based on air changes with outdoor and a moisture generation. With the 
 exclusion of the moisture buffer capacity of the building materials and indoor furniture’s and 
 equipment, the stationary water vapor concentration in the indoor air can be calculated by 


𝑥𝑒 =   𝑥𝑠 +   𝐺′


𝜌 ∗ 𝑛 ∗ 𝑉 (11) 


xe =  specific humidity inside/ extracted air (kg/kg) 
 xs =  specific humidity outside/ supplied air (kg/kg) 
 G’  =  indoor moisture production rate (g/h) 


n  =  air exchange rate of the building/ zone  (ℎ−1) 
 V  =  total internal air volume of the building/ zone (m3) 
 ρ  =  average density of the air (kg/m3) 


Equation (11) indicates that the specific humidity of the extracted air is a result of the moisture 
 content  of  the  supplied  air,  the  moisture  produced  indoor,  the  ventilation  rate  and  the  room 
 geometry. Sometimes the geometry of an indoor environment can be hard to predict, especially 
 the volume. If the airflow rate extracted from the ventilation system is known, and the changes 
 in air density with pressure and temperature from equation (10) is considered, the equation can 
 be rewritten as (12).  


𝐺′ = (𝜌𝑒𝑥𝑒− 𝜌𝑠𝑥𝑠) ∗ 𝑉̇  (12) 


The stationary indoor moisture generation can thus be calculated based on measurements of the 
 extracted air volume through the ventilation system as well as temperature and RH to and from 
 the  zone.  It  is  assumed  that  the  airflow  to  and  from  the  zone  are  equal.  In  other  words,  the 
 moisture production rate for a stationary situation can be calculated based on a total air- change 
 rate and a moisture supply. If the specific humidity in the supplied- is the same as the extracted 
 air, there is no moisture production and G’= 0 g/h. 


2.4.1  Calculating the moisture production from a transient process 


The indoor humidity level is constantly striving to change towards a stationary condition as an 
equality with the surroundings. Air changes to and from a control volume makes the  present 
moisture  dilute  itself  towards  what  is  supplied,  and  if  moisture  is  produced  the  ventilation 



(41)constant rate, equation (11) and (12) becomes transient. This process happens when a moisture 
 producing  source  is  initiated.  Water  vapor  is  released  to  the  surrounding  air,  increasing  the 
 specific humidity and the RH. 


Based on the mathematics, a moisture producing process implies that the G’ on the left hand 
 side of equation (12) is different from zero. For this to happen, this means that the difference in 
 specific humidity between the extracted and the supplied air must be different from each other. 


If the production of moisture happens within the control volume, this mean that there is moisture 
 production as long as the specific humidity in the extracted air is greater than the supplied air. 


Thus,  when ∆𝑥 = (𝑥𝑒− 𝑥𝑠) > 0,  a  source  is  producing  moisture.  To  calculate  the  total 
 generation, the transient response of equation (12) can be assumed as a finite number of equally 
 spaced sub- intervals from a starting point, a (s) when ∆𝑥 > 0, and continues until an end point, 
 b  (s)  where ∆𝑥  eventually  reaches  zero  again  (Hughes-Hallet  and  McCullum,  2005).  The 
 number of intervals between these two points, n can be chosen freely from the number of total 
 points, or on the measurement interval frequency of the measurement devices used. Equation 
 (12) is then summarized as a (lower) Riemann sum on the interval [a, b] with n equally spaced 
 rectangles, to give the total moisture production in grams, G (g).  


𝐺 = 𝑉̇ ∑(𝑥𝑒𝜌𝑒− 𝑥𝑠𝜌𝑠)𝑖−1∗ 𝛥𝑡


𝑛


𝑖=1


, ∆𝑡 = (𝑏 − 𝑎)/𝑛 


(13) 


The number of measuring points on the interval [a, b] determines the accuracy of the Riemann 
 sum, with decreasing error with increased sub- intervals. The lower Riemann sum uses the left 
 endpoints of each sub- interval to approximate the area of the n rectangles, and sums them up.  


Figure 2.8 is an illustration of the use of the Riemann sum, where n = 6 rectangles are made up 
from a data set of 12 points. The lower Riemann sum is most inaccurate when the inclination 
between  the  points  are  the  greatest.  For  moisture  production,  this  can  be  the  case  if  a  rapid 
release of moisture occurs, i.e. a shower. 
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